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ABSTRACT 

 

The research work presented in this thesis entitled "PHYSICOCHEMICAL 

INVESTIGATION ON NANOSTRUCTURED LIPID CARRIERS" is mainly directed to the 

improvement and modification of the second generation solid lipid nano particles or commonly 

known as nanostructured lipid carrier (NLC). In this thesis, various lipid systems and their 

different combinations were used for the development of novel drug delivery systems for a 

variety of drugs and active organic molecules with potential biological activities. The overall 

work presented in this thesis has been divided into four chapters. In addition to this, a brief 

introduction has also been presented. 

CHAPTER 1 describes the effect of four different fatty acids (FAs), viz., lauric acid, 

myristic acid, palmitic acid and stearic acid on the physicochemical behavior of the NLC. In this 

work the NLCs were prepared using soy lecithin, tristearin and FAs. The lipid composition for 

the NLC formulations was fixed by understanding their mutual miscibility using Langmuir 

monolayer approach. Detailed and comprehensive set of characterization of the prepared NLC 

formulations were carried out using dynamic light scattering, differential scanning calorimetry, 

TEM, FF-TEM. Curcumin a natural polyphenolic compound with large number of biological 

activity was incorporated into the NLC formulations. The effect of different FAs on the drug 

loading, entrapment efficiency and the release kinetics of curcumin from NLC were also 

investigated in detail. To get information regarding the potentiality of curcumin loaded NLC, the 

drug loaded NLC formulations were subjected for the antibacterial activity against Bacillus 

amyloliquefaciens isolated from soil. 

CHAPTER 2 depict a comprehensive set of work representing a detailed 

physicochemical characterization and anti cancer activity of chrysin (CHR) and long chain 

derivatives of chrysin (LCD) loaded NLC. In this work cetyl palmitate, tripalmitine and oleic 

acid have been used for the preparation of NLC formulations. The lipid composition for NLC 

formulations was fixed using the Langmuir monolayer approach. In this work, the lipophilicity 

of CHR was enhanced by introducing long hydrocarbon chain in CHR molecule. The base NLC, 

CHR loaded NLC and the LCD loaded NLC formulations were subjected for the evaluation of 

solution phase and thermal behavior in order to get idea regarding stability of the formulations. 
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The drug loading capacity, drug incorporation efficiency and the release kinetics of CHR and 

LCDs were also studied and compared. The potency of CHR and LCDs as the anticancer drug 

being incorporated into NLC was also studied by analyzing in vitro cytotoxicity study on human 

neuroblastoma cancer cell line (SHSY5Y) using MTT assay approach. 

CHAPTER 3 primarily deals with the potentiality and subsequent anticancer activity of 

the IPA modified NLC formulations (NLCIPA) loaded with oleanolic acid (OLA). In this work a 

conventional NLC formulation comprised of SLC, TS and PA with molar ratio 2 : 2 : 1 (M / M / 

M) was taken and the natural phospholipid SLC from the lipid composition was partially 

substituted by synthetically prepared ion pair amphiphile (IPA). The stability of the IPA 

modified formulations were studied by analyzing the solution phase and thermal properties by 

detailed physicochemical characterizations. The dynamic light scattering, differential scanning 

calorimetry, TEM, FF-TEM and AFM technique were used for the detailed characterization for 

the studied NLC and NLCIPA formulations. OLA was used as a drug in this study. The drug 

loading capacity, entrapment efficiency and the release kinetics of OLA from the conventional 

NLC as well as NLCIPA formulations were also studied and compared side by side. Drug loading, 

entrapment and the release kinetics of the IPA modified formulations were found to improve 

significantly in comparison to the conventional NLC. Anticancer activity of OLA loaded NLC 

and NLCIPA formulations were also studied using three different GIT cancer cell lines by MTT 

assay technique. Observed higher activity of the OLA loaded NLCIPA established it as a 

advantageous alternate of NLC in delivering anticancer drug like OLA. 

 In CHAPTER 4, the conventional NLC formulations were subjected for the polymer 

induced surface modification and developed as a suitable drug delivery for the water soluble 

drug pyrazinamide. Nonionic polymer PEG 2000 was used for the surface modification. HSPC, 

TS and OA having the molar ratio 2 : 2 : 1 was used for the preparation of the NLC formulations. 

The polymer was introduced in the formulations in combination with the dispersion medium of 

the NLC systems. 2 mM aqueous Tween 60 solution was used as the dispersion medium for the 

studied formulation. PYZ, a hydrophilic drug had been successfully incorporated in the studied 

formulations. The base and the drug loaded formulations were subjected for detailed 

characterization. Solution phase and thermal stability of the surface modified formulations were 

more stable than the conventional formulations. EE% and DL% of the NLCPEG formulations 
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were found to be higher than the conventional NLC formulations. In addition to this the release 

of the incorporated PYZ was also became sustained in case of the surface modified formulations. 

The presence of the polymer layer over the surface modified NLCPEG formulation effectively 

enhanced the EE% and DL%. The exclusion rate of the drug also reduced in the presence of PEG 

2000 layer. 
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PREFACE 

 

The research work discussed in this thesis focused on two very important aspects of 

NLC, viz., detail physicochemical characterizations and potential applications as drug delivery. 

The NLC formulations has been introduced in the year 1990 and caught the attention of majority 

of pharmacist with its enormous advantages over the well established conventional drug delivery 

systems like emulsions, polymeric nanoparticles, liposomes etc. Though, NLC is advantageous, 

still they suffers from several serious limitations related to the solution phase stability, lower 

loading, unsatisfactory entrapment efficacy of the hydrophilic and amphiphilic drug molecules 

and unwanted expulsion of the incorporated hydrophilic drugs. Several attempts have been made 

to overcome the limitations associated with NLC. Though, more systematic work is needed for 

the further development of NLC as drug carrier. Present research work has undertaken 

innovative approach to overcome the stability issue and other related shortcomings of NLC. In 

the present work, phospholipid, diglycerides, triglycerides, saturated and unsaturated fatty acids 

were used to formulate NLC. Although, the mentioned lipid systems are very common for the 

NLC but use of various combinations of the mentioned lipid systems in appropriate molar ratio 

in investigating suitable lipid composition for NLC is very rare in the presently available 

literature. In addition to this, instead of natural lipid systems, synthetically prepared ion pair 

amphiphiles were also used to enhance the solution phase and thermal stability of NLC. The use 

of the synthetic ion pair amphiphile as an alternate of natural lipidic component in providing 

stability of NLC is a novel approach. The thesis also discussed the detailed investigation of the 

solution phase and thermal behavior of NLC. Different amphiphilic natural biologically active 

compounds as well as water soluble hydrophilic active compounds were used as drug in the 

described works. The loading capacity, incorporation efficacy and the release kinetics of the 

incorporated drug molecules from the different NLC systems were also investigated 

systematically to evaluate the patentability of the studied NLC as drug delivery systems. In 

addition to this, the application potential of the drug loaded NLC were investigated by 

monitoring the in vitro biological activity. The antibacterial and the anticancer activity of the 

studied formulations were investigated using the conventional cup plate method and the MTT 
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assay technique respectively. The thesis also contains the reprint of the published articles along 

with their supplementary sections. 
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INTRODUCTION 

  

Lipids are a group of naturally occurring organic molecules, which comprises two 

different structural regions, one part consists of long hydrocarbon chain in its maximum reduced 

state (hydrophobic) and the other part consists of a polar head group (hydrophilic). Lipids are 

mostly non polar in nature but the presence of the hydrophilic and hydrophobic part in them give 

rise to the amphiphilic character. 
1, 2

 In aqueous medium the hydrophilic and the hydrophobic 

part interact differently. The polar head groups want to get exposed to the aqueous environment 

and the non polar tail wants to stay away from water. Presence of this contrasting character of the 

lipid molecules in the aqueous environment lead to the spontaneous formation of molecular 

aggregates. This special character of the lipid molecules are used in the development of lipid 

based drug delivery systems. Some common forms of lipids are waxes, fats, phospholipids, 

diglycerides, triglycerides, sterols, etc.
1, 2

 They are also the essential components of cell 

membrane and other similar biological systems. Storage of energy, insulation of the cell, 

formation of the building blocks of steroid hormones for cell signaling, etc., are some of the 

major functions of lipids in the biological systems. Higher melting point is observed for the 

lipids containing saturated hydrocarbon and increases with increasing the carbon number in the 

chain. Unsaturation lowers the melting temperature of lipids. There are several biosynthetic 

pathways by which lipids can be produced and break down inside a living being. Essential lipids 

like linoleic acid, α-linoieic acid cannot be obtained by those biosynthetic paths and must be 

consumed from external sources like foods. 

.   

1. Fatty acids: 

Fatty acids are organic molecules containing a long hydrocarbon chain and a carboxyl 

group at the end of the chain. Saturated as well as unsaturated hydrocarbon chain may be present 

in the fatty acid molecule. In the naturally occurring fatty acids, branching in the hydrocarbon 

chain is rare and the number of carbon atoms in the chain is even ranging from 4 to 28. Fatty 

acids containing unsaturated hydrocarbon chain are called unsaturated fatty acids and depending 

upon the number of unsaturation present they are known as mono and polyunsaturated fatty 

acids. Some common examples of unsaturated fatty acids are oleic acid, vaccenic acid, linoleic 

acid etc. Some common examples of saturated fatty acids are lauric acid, myristic acid, palmitic 
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acid, stearic acid, etc. Fatty acids are further classified on the basis of their chain length. They 

are short chain fatty acids (less than 6 carbon atoms), medium chain fatty acids (6 to 12 carbon 

atoms), long chain fatty acids (13 to 21 carbon atoms) and very long chain fatty acids (more than 

22 carbons). 

 

2. Classification of lipids: 

Generally the lipids are classified into three major heads. They are simple lipids or 

homolipids, compound lipids or heterolipids and derived lipids. 
1-4

 

 

2.1. Simple lipids or homolipids: 

They are the ester of different fatty acids and alcohols. Fats and oils are belonging to the 

simple lipid. They are tri-ester of different fatty acids and glycerol.  Fats and oils are solid and 

liquid at room temperature respectively. 1, 2
 

 

2.1.1. Glycerides: 

They are the ester of glycerol and fatty acids. They are also known as acylglycerols. 

Glycerides are also classified as mono-, di- and triglycerides. 1, 2
 

 

2.1.1.1. Monoglycerides: 

 In case of monoglycerides, only one hydroxyl group of glycerol is involved in the 

formation of ester linkage with a fatty acid molecule. Due to the presence of both primary and 

secondary hydroxyl group in glycerol, two different types of monoglyceride formation are 

possible. When the primary hydroxyl group is involved in the formation of ester linkage give rise 

to the 1, monoacylglycerols and involvement of secondary hydroxyl group in the formation of 

ester linkage give rise to 2, monoacylglycerols. Monolaurin, glyceryl hydroxysterate, etc., are the 

common examples of monoglycerides. 1, 2
 

 

Figure 1. Molecular structure of monolaurin.. 
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2.1.1.2. Diglycerides: 

In case of diglycerides, two hydroxyl groups of the glycerol are involved in the formation 

of ester linkage with two fatty acid molecules.  There is a possibility of formation of two 

different diglycerides, viz., 1, 2-diacylglycerol and 1, 3-diacylglycerol. They act as surface active 

agents. 

 

Figure 2. Molecular structure of 1,2-dilauroyl-sn-glycerol. 

2.1.1.3. Triglycerides: 

In case of triglycerides, three fatty acid molecules are involved in the formation of ester 

linkage with all three hydroxyl groups present in glycerol. Chain length of the fatty acids may be 

same or different. Triglycerides are also classified as saturated and unsaturated triglycerides 

depending upon the nature of fatty acid involve. Saturated triglycerids are generally solid at 

room temperature and unsaturated triglycerides are liquid at room temperature. Triglycerides are 

mostly found in body fats of animals and vegetable oils. 

 

Figure 3. Molecular structure of tristearine. 

 

 

2.1.2. Waxes: 

 Waxes are the ester of long chain fatty acids (saturated and unsaturated) and a 

monohydroxy alcohol of high molecular weight. They have melting point above 40°C. After 

melting they are found to produce low viscous liquid. Due to the nonpolar nature waxes are 

insoluble in aqueous medium but soluble in nonpolar organic solvents. Sorbitan tristearate, cetyl 

palmitate, etc., are the common example of waxes. 
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Figure 4. Molecular structure of cetyl palmitate. 

 

2.2.  Compound lipids or heterolipids: 

Compound lipids or heterolipids are also ester of fatty acid and alcohols but they contain 

some other functional groups. 
5
 

 

2.2.1. Phospholipids: 

They are also the compound of fatty acids and glycerol but they have two fatty acid 

chains attached to the two hydroxyl groups of glycerol and the third carbon of the glycerol 

contains a modified phosphate group. The modifiers play important role and regulate the 

biological role of the phospholipids in living organisms. Characteristics of the phospholipids 

depend upon the nature of modifier present in the phosphate group.  They are amphiphilic in 

nature and hence can form bilayers. Phospholipids are the major constituents of the cell 

membranes. 1, 2, 4, 6
 

Glycerophospholipids:  

Glycerophospholipids are most available phospholipid in nature. They contain two 

esterifiedfatty acids with two adjacent hydroxyl groups of glycerol. The remaining hydroxyl 

group of glycerol involves in the formation of an ester linkage with phosphoric acid. 7 

 

Figure 5. Molecular structure of glycerophospholipids. 
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Phosphatidylcholine:  

Phosphatidylcholine or lecithine is generally obtained in liver. In this type of phospholipid, collin 

is present as base. The collin unit helps to prevent the deposition of abnormal fat present in in 

liver. 
7
 

 

Figure 6. Molecular structure of phosphatidylcholine.  

.  

Phosphatidylethanolamine  

Phosphatidylethanolamine or cephalin are prepared by adding cytidine diphosphate ethanolamine 

and diglycerides. During this addition, cytidine monophosphate gets liberated. Ethanolamine unit 

is exist as base. This type of phospholipid is mostly present in brain and RBC 

 

Figure 7. Molecular structure of phosphatidylethanolamine.  

Phosphatidylserine:  

Phosphatidylserine also consists of two fatty acids which are involved in the formation of ester 

linkage with the two successive carbon of glycerol. A phosphodiester linkage connects the serine 

unit and the third carbon of glycerol. Ir helps blood to get coagulated. 
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Figure 8. Molecular structure of phosphatidylserine.  

 

Phosphatidylinositol:  

Phosphatidylinositol has inositol as base. It does not contain nitrogen base. Nervous tissue and 

plants are the major source of this phospholipid. 

 

Figure 9. Molecular structure of phosphatidylinositol:  

 . 

Phosphatidylglycerol:  

General structure of phosphatidylglycerol has a L-glycerol 3-phosphate backbone and saturated / 

unsaturated fatty acids are linked via ester bond with carbons 1 and 2. Glycerol (head group) is 

connected via a phosphomonoester. Inner membrane of mitochondria mostly contains this 

phospholipid. 

 

Figure 10. Molecular structure of phosphatidylglycerol. 
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Phosphatidylethanolamine (plasmalogens):  

In case of phosphatidylethanolamine or plasmalogens unsaturated fatty acids are bonded through 

ester linkage with carbon and glycerol. 

 

Figure 11. Molecular structure of phosphatidylethanolamine... 

 

Sphingophospholipids:  

Sphingophospholipids are produced by the addition of long chain amino alcohol sphingosine and 

long chain fatty acids. They are mostly observed in nervous tissue. Sphingolipids are classified 

into two different categories on the basis of composition. They are sphingomyelin and 

ceramides. 8 

 

 

Figure 12. Molecular structure ofsphingophospholipids. 

 

 

 

2.2.2. Glycolipids: 

Lipids containing carbohydrates attached with the glycosidic linkage are called 

glycolipids. They do not have any phosphate group but they may have nitrogen containing 

groups. Glycolipids also include sulfolipids where sulfur containing functional group is present. 

The simplest form of the glycolipids is cerebrosides. In it glucose and galactose are present as 

carbohydrate unit. 2 to 20 units of carbohydrate chain is mostly observe in cerebtosides. 
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Gangliosides are the derivatives of cerebroside having N- acetyl neuraminic residue. Neutralized 

tetanus toxins, grey matter of brain, etc., mostly contain glycolipids. 
9
 

 

 

Figure 13. Molecular structure of glycolipids.. 

 

2.3.  Derived lipids: 

Derived lipids are obtained by the hydrolysis of simple lipids and compound lipids. 

Alcohols, fatty acids, diglycerides, monoglycerides, steroids, carotenoids, etc., are the common 

examples of derived lipids. 10
 

 

2.3.1. Steroids: 

Steroids are identified by their special structural feature. They have four fused ring. The 

structure of steroids is different from the lipids but they have incorporated in the lipid category 

due to the water insolubility and hydrophobicity. There are some steroids where hydroxyl group 

is present at a definite site. Such steroids are known as sterol. 10
  

 

  

 

2.3.2. Cholesterol: 

Cholesterol is a major constituent of the cell membrane and it also helps to produce 

important biological compounds like bile salts, steroid hormones etc. cholesterol belong to a 

large class of lipid, known as isoprenoids. They are prepared by the simple chemical 

condensation of isoprene. 10, 11
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Figure 14. Molecular structure of cholesterol. 

 

3. Drug: 

A drug can be define as a chemical entity of known structure, different from the essential 

nutrient of food and produced different biological effect when it is present in leaving organisms. 

Generally, the drugs are collected from the medicinal plants present in the nature. In recent time 

drugs are also synthesized in the laboratory. Chemically drugs are classified according to their 

action on the human brain and body. Some common classes of drugs are stimulants, depressants, 

hallucinogens and opioids. In the present work some amphiphilic naturally occurring molecule 

having potent biological activity and water soluble tuberculosis drugs are used. 

 

Drugs used in the present work: 

 

Curcumin (CUR): 

Curcumin is a polyphenolic natural compound having low molecular weight. Commonly 

it is known as turmeric, it is an excellent antioxidant agent with various biological activity. It can 

be used in the treatment of inflammatory disorder, cancer, HIV infections, cystic fibrosis and 

alzheimer, etc. But poor aqueous solubility and low bioavailability are the major difficulty in its 

use as a potential drug. Hence, a suitable drug delivery system is required for its wide application 

as drug. Curcumin always exists in equilibrium between its keto and enol form in the solution. 

This tautomerism is found to be dependent on the pH of the medium.X-ray analysis of the 

cyrcymin crystal has proved that, it undergoes keto-enol tautomerism even in the solid state. 
12, 13
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v 

Figure 15. Keto-enol tautomerism in curcumin. 

 

 

Chrysin (CHR): 

Chrysin is a naturally occurring flavonoid. It is obtained from several wild and edible 

plants, honey and propoles. It has wide biological activities like anti-inflammation, anti-oxidant 

and anticancer activity. Recent studies have showed that it can reduce the malondialdehyde level 

and elevate antioxidant enzyme activity. But lower bioavailability of chrysin is a major drawback 

of it. A suitable drug delivery system is required for the improvement of its biological activity. 
14, 

15
 

 

Figure 16. Molecular structure of chrysin.. 

 

Oleanolic acid (OLA): 

Oleanolic acid is a naturally occurring pentacyclic triterpenoid. It is collected from thr leaves and 

roots of Olea europaea, Viscum album L., Aralia chinensis L., etc.,  120 different plant species. It 

has hepatoprotective, anti-hyperlipidemic effects, anti cancer activity, etc. Use of it in the liver 

disorders has also found in traditional Chinese medicine. However poor aqueous solubility and 

low bioavailability are the limitations for its pharmaceutical applications. So lipid base drug 

delivery systems are required to solve the mentioned drawbacks. 16, 17
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Figure 17. Molecular structure of oleanolic acid.. 

 

Pyrazinamide (PYZ): 

Pyrazinamide is a \first line drug in the treatment of the active tuberculosis. It is used in 

combination with isoniazid, rifampicin and ethambutol in the treatment of active tuberculosis. It 

is also used as a potent drug for ueicosuric disuses. In addition to this, it also helps in the 

diagnosis of hypouricemia and hyperuricosuria. High water solubility, high rate of execration 

and high dose frequency are restricting its pharmaceutical applications. So a suitable delivery 

system is needed for it to improve its performance. 
18, 19

 

 

 

Figure 18. Molecular structure of pyrazinamide. 

 

4. Different drug delivery systems: 

In early days, various pharmaceutical dosage forms are used as the delivery agent for 

different drug in different route of administration. The different pharmaceutical dosages like 

tablets, liquids, capsules, creams, suppositories, ointments, etc. But those conventional drug 

deliveries suffer from serious limitations like side effects and complications due to their wide 

distribution through the body fluids and their dependency on the drug characteristics.
20-25

 In 

addition to this low drug solubility, poor gastrointestinal absorption and rapid metabolism of the 

drug also limit the use of the conventional drug deliveries.
20, 21, 26-28

 In modern time, with 

increasing need in the improvement of human health care vigorous research in developing 
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efficient drug delivery systems are warranted. The problems associated with the conventional 

drug delivery systems can be overcome by developing a suitable drug delivery agent having the 

capacity of sustain and control release of the loaded active drug component in the specific area of 

interest during treatment. It clearly implies that the activity of drug should be governed by the 

drug delivery agent not by the property of drug itself inside human body. 
20, 21, 26-28

 In this regard 

the size of the drug delivery systems is the area of main concern depending upon the different 

rout of administration. In this aspect the lipid based drug deliveries like colloidal carriers (few 

nanometer), microparticles (micrometer range) and implants (several millimeters) catch attention 

of the modern researchers having tremendous possibility and applicability in various routs of 

administration.
23-29

 Among those lipid based delivery systems micro particles and implants 

having larger size are not suitable for intravenous application. But lipid based colloidal carries 

having size in the nanometer rang cover all the possible rout of administration and therefore 

regarded as superior among the other known lipid base drug delivery. 
20-24, 26-28

 

 

5. Colloidal drug delivery systems: 

Colloidal system or colloidal dispersion is a heterogeneous system which is made up of 

dispersed phase and dispersion medium. In colloidal systems the substance present in lesser 

amount called dispersed phase and the substance present in larger quantity called the dispersion 

medium. In case of dust, solid particles are dispersed phase and air is dispersion medium. The 

word colloid is derived from Greek word “KOLLA” for glue prepared from gelatinous polymers 

and represents microscopic particles having size almost equal to 50μm. Hence, the microscopic 

particles of one phase dispersed in another are called as colloidal solution / dispersions. Colloidal 

carrier systems, basically nanocolloidal dispersions, have received growing interest in the field of 

drug delivery because they can offer several advantages like the following: 

 The possibility to formulate poor water soluble drug substances in aqueous systems.  

 Protection of drugs against degradation.  

 Alteration of their biodistribution after intravenous administration.  

 High drug loading capability.  

 Target specific drug delivery leading to reduction in dosage and toxicity. 
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 Ability to improve the pharmacokinetics and increase biodistribution of therapeutic 

agents.  

 

6. Overview of different colloidal drug delivery systems: 

Colloidal drug delivery systems include several delivery systems among them O/W 

emulsions, liposomes, micelles, microemulsions and solid lipid based nanoparticles lightened a 

new way in effective targeting of the incorporated pharmaceuticals. 

 

6.1.  O/W emulsion: 

In the beginning of 1960 O/W emulsion based drug delivery systems were introduced 

containing various drugs. This type of systems have excellent tolerance limit. But they suffer 

from the limitations related to its stability problem in presence of drug that include 

agglomeration and drug expulsion which restrict its wide uses. In addition, common oils used for 

the preparation of O/W emulsion show insufficient solubility of drug. Thus the need of new oils 

with improved drug solubility are warranted which also warrant expensive toxicity studies. 
23, 30-

33
 

6.2.  Microemulsion and nanoemulsion: 

Microemulsions are thermodynamically stable systems that consist water, oil, surfactant 

and co surfactant. They are optically transparent and low viscous liquid.
23, 30-33

 They can 

incorporate both hydrophobic and hydrophilic drugs. However, need of high surfactant 

concentration in this type of system is the major limitation. Its uses are restricted to dermal and 

parenteral applications only. 
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Figure 19. A schematic diagram of O/W nanoemulsion. 

 

The term nanoemulsion was coined in the year 1950. In contrast to microemulsion, in the 

preparation of nanoemulsion an energy input is necessary. The nanoemulsion is 

thermodynamically unstable. But lower side effects make them superior over microemulsion 

based drug delivery. However, stability problem is one of the major drawbacks of nanoemulsion. 

In addition, sustained and controlled release of the incorporated drug is not possible. Higher 

mobility of the incorporated drug is mainly responsible for this. 
23, 30-33

 

6.3. Polymeric nanoparticles: 

Polymeric nanoparticles are prepared form biodegradable and nonbiodegradable 

polymers. The control release and side specific targeting of drug makes it advantages over 

previously mentioned drug delivery systems. 
30, 33-35

 But cytotoxicity of the used polymer after in 

vivo degradation is its major limitation. In addition, problem in large scale production and 

hydrolysis of constituting polymers during storage restrict it use as potential drug delivery 

agents. 
30, 33-35

 

6.4.  Liposomes: 

Liposomes were introduced in the year 1965 by Bangham. They are a special type of 

vesicular drug delivery system. Liposomes are spherical vesicle composed of one or more 

monolayer of phospholipid. Initially they were used in the production of cosmetic products and 

latter on they were used in pharmaceutical industries. 
34-36

 Lipophilic and hydrophilic, both type 

of drug can be successfully incorporated in it. The lipophilic drug gets located in the 

phospholipid bilayers and the hydrophilic drug gets incorporated in the aqueous core. These 
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systems are effective in enhancing the efficacy of the incorporated drug and minimize the side 

effect. But instability during storage and unwanted drug leakage, low biological activity of the 

incorporated drug, non specific targeting are the major limitations of liposomal drug delivery 

systems. 
34-36

 

 

Figure 20. A schematic diagram of liposome 

 

6.5.  Solid lipid nanoparticles (SLN): 

In the middle of the year 1990, investigation in the field of drug delivery finds a new way 

by the introduction of solid lipid nanoparticles as drug carrier system. The lipid employed for the 

production of this type of delivery systems are solid at room and body temperature so the 

systems are known as solid lipid nanoparticles. 
20, 23, 24, 30-33, 37-39

 The lipids are non toxic and 

biodegradable. They are capable to overcome all the limitations and shortcomings associated 

with the previously mentioned delivery systems. Higher physical stability and low aggregation 

rate, low drug leakage, low toxicity and low production cost make them advantageous over all 

known drug delivery systems. 
20, 23, 24, 30-33, 37-39

 In general, they are the dispersion of solid lipid 

particle in aqueous surfactant solution. The size of the lipid particles are found in the range of 50 

- 1000 nm. Although all type of surfactants like cationic, anionic, zwitterionic and nonionic an be 

used in preparing SLN, however, nonionic surfactants are preferentially used as the emulsifying 

agent in SLN. The solid lipid core in contrast to other lipid based drug delivery provides many 

advantages like low drug expulsion and physical stability. 

Although SLN shows valid advantages, but it also suffers from several drawbacks.
20, 23-25, 30-33, 37-

42
 To mention a few: 



16 
 

 Insufficient drug loading due to the presence of highly ordered lipid matrix. 

 A polymorphic transition during storage causes expulsion of the incorporated drug. 

 High water content of the dispersion. 

6.6.  Nanostructured lipid carriers (NLC): 

To overcome the drawbacks associated with SLN, NLCs are introduced. They are also 

called second generation solid lipid nanoparticles. In general, two or more structurally different 

lipids are used in the preparation of NLC. The used structurally different lipid systems 

effectively reduced the crystallinity of the lipid matrix. In some cases solid lipid in combination 

with the liquid lipid is used to enhance the multicrystallinity. 
20, 23-25, 30-33, 37-42

 Higher amount of 

imperfections reduce the drug expulsion and enhance the drug incorporation efficiency.  

 

 

Figure 21. Schematic diagram of the drug loaded SLN (left) and NLC (right). 
31

 

 

7. Different types of NLC: 

Depending on the different production procedures and the lipid compositions, different types 

of NLC can be obtained. The basic idea is to provide a certain internal morphology to the lipid 

matrix so as to enhance the drug incorporation and reduce the drug expulsion during storage. 

There are three different classes of NLC. 
21-23, 31, 43, 44

 

 Imperfect type 

 Amorphous type 

 Multiple type 
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7.1. Imperfect type:  

Structurally different lipids are mixed, and thus imperfections are created in the lipid 

matrix of the nanoparticles. Distances between fatty acid chains in the lipid matrix of the lipid 

nanoparticles can be increased by using glycerides composed of significantly different fatty 

acids. Therefore, the matrix contains imperfections and the created imperfections help to 

accommodate drug. Introduction of small amounts of structurally different liquid lipids (oils) 

with solid lipids increases the structural disorder and increases the drug payload. 
26, 31, 39, 42-45

 

 

7.2.  Amorphous type:  

This kind of NLC can be prepared by mixing solid lipids with medium chain 

triglycerides. Therefore, drug expulsion caused by the process of crystallization to β-forms 

during storage is prevented by the special structure of the medium chain triglycerides present in 

the lipid matrix. 
31, 43, 44, 46

 Since, this type of  NLC exist in solids amorphous state but not in 

crystalline state. 

 

7.3.  Multiple types:  

The solubility of the drug in the lipid matrix diminishes during the cooling process after 

homogenization and then the crystallization process during storage. Continues reduction in the 

drug solubility leads to drug expulsion from the lipid nanoparticles. This phenomenon is 

prominent when the concentration of the drug is too high in the prepared formulations. 

Generally, solubility of drugs is higher in liquid lipid in comparison to the solid lipid. When 

liquid lipids having appreciable drug solubility are introduced in combination with the solid 

lipid, multiple type NLCs are formed. The solid lipidic phase displays the advantages of the solid 

matrix which prevented drug leakage and the liquid lipophilic regions (oily nanocompartments) 

show comparatively high drug solubility. 
31, 43, 44, 46

 



18 
 

 

Figure 22. Schematic representations and TEM images of different types of NLC formulation (a), imperfect type; 

(b), amorphous type and (c), multiple type. 
40

 

 

8. Drug incorporation models of NLC: 

8.1.  Solid solution model: 

In this model the incorporated drug is uniformly distributed inside the lipid matrix. This 

type of NLC can be prepared by cold homogenization without using any surfactant or drug 

solublising agent. In this type of NLC, the incorporated drug releases by simple diffusion 

technique. 
25, 31, 41, 43

 

8.2.  Drug enriched shell model: 

In this type of NLC, the drug generally accumulates in the shell of the nanoparticles. This 

type of NLC can be prepared by high pressure homogenization. At the time of homogenization 

the drug get distributed between lipid phase and aqueous surfactant solution. The drug solubility 

of aqueous surfactant enhances at elevated temperature. During cooling the drug again starts to 

get distributed between aqueous phase and lipid phase. Lower temperature diminished the 

aqueous solubility of the drug. Hence, at reduce temperature redistribution of the drug at the lipid 

phase increases. At the same time cooling causes recrystallization of the lipid core so the lipid 

core cannot accommodate any more drugs. Hence, the added drug gets accumulated only on the 

shell of the lipid nanoparticle. This type of NLC shows burst release of the surface accumulated 

drug. 
25, 31, 41, 43
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8.3.  Drug enriched core model: 

Drug enriched core model of NLC is formed when precipitation of the incorporated drug 

is faster than the lipid recrystallization during cooling process. When the lipid melt is saturated 

with drug gives rise to drug enriched core NLC. 
25, 31, 41, 43

 

 

 

Figure 23. Schematic diagram of different type of drug incorporation models for NLC formulations. A, drug 

enriched core model ; B, solid solution model and C, drug enriched shell model. 
31

 

 

9. Advantages of NLCs over SLNs: 

In SLNs, the drug is mainly dispersed in molecular form, for example, located in between the 

fatty acid chains of the glycerides whereas in NLCs, blend of structurally different solid lipids or 

solid and liquid lipids are used and due to the differences in structure they cannot fit together 

very well to form a perfect crystalline system. This arrangement creates a lot of imperfections in 

matrix leading to the enhanced accommodation of drug in molecular form. Some major 

advantages of NLCs are as follows:
20-25, 31, 42, 43, 45, 47

 

 Superior physical stability. 

 Easy preparation. 

 Good dispensability in an aqueous medium. 

 High incorporation efficiency of lipophilic and hydrophilic drugs. 

 Controlled particle size. 

 Advanced and efficient drug delivery system in particular for lipophilic substances. 

 Enhanced skin occlusion. 

 Sustained drug release. 
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 Advantageous for topically applied drugs as their lipid components have an approved 

status in commercially available topical cosmetic or pharmaceutical products. 

 Small size of the lipid particles ensures close contact to the stratum corneum thus 

enhancing drug penetration into the mucosa or skin. 

 Improve benefit/risk ratio. 

 Increase of skin hydration and elasticity. 

 These carriers are highly efficient systems due to their solid lipid matrices, which are also 

generally recognized as safe or have a regulatory accepted status. 

 

10. Limitations of NLCs: 

Despite of several potential advantages, NLCs are found to face several limitations like: 
20-25, 

31, 42, 43, 45, 47
 

 Limited storage time. 

 Instability of the lipid core due to the ongoing lipid modifications. 

 Lesser application and efficiency towards protein and peptide based drugs. 

 Applicability is very less as gene delivery system. 

 Insufficient preclinical and clinical studies with these nanoparticles. 

 

11. Materials used for the NLC production: 

The nano lipid carriers used for topical applications are mainly formulated with variety of 

lipids such as glycerol behenate, glycerol palmitostearate, cetylpalmitate (wax). In case of NLCs, 

liquid lipids such as medium chain triglycerides are also used. Oleic acid, one of the frequently 

used fatty acid usually used to enhance the skin penetration of NLC. 
23, 24, 32, 37-39, 43, 47-49

 Hence 

the drug uptake depends on the type and concentration of the lipids, 0.5 – 5% surfactant is also 

added for physical stability of NLCs. Nonionic surfactants are preferentially used instead of ionic 

surfactants. Various lipids and surfactants used for preparation of lipid nanocarriers are 

illustrated in the Table 1. 

The nature and concentrations of surfactant also affect the quality and efficacy of NLCs. 

Surfactants is preferentially located in interfacial regions where they reduced the interfacial 

tension between lipid and aqueous phases. This is due to their amphiphilic nature and stabilizing 
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effect over the NLC systems. Ionic surfactant, sodium deoxycholate having low emulsification 

property can be employed to increase the charge of NLC. 
23, 24, 32, 37-39, 43, 47-49

 Thus the ionic 

surfactants provide the electrostatic stabilization which is related to the enhancement in 

electrostatic repulsion. Nonionic surfactants provide additional steric stability which avoid 

aggregation among NLC.  

 

Table 1. Common lipids and surfactants used for the preparation of NLC formulations. 22-25
 

Lipids 

Sl. No. Type of lipids Examples 

1. Triacylglycerols Tricaprin, trilaurin, trimyristin, tripalmitin and tristearin 

2. Acylglycerols Glycerol monostearate, glycerol behenate and glycerol 

palmitostearate 

3. Fatty acids Stearic acid, palmitic acid, decanoic acid and behenic 

acid 

4. Waxes Cetyl palmitate 

5. Cyclic complexes Cyclodextrin and para acyl calixarenes 

Surfactants 

Sl. No. Type of surfactant Examples 

1. Phospholipids Soy lecithin, egg lecithin and phosphatidylcholine 

2. Ethyleneoxide / 

propylene oxide 

copolymers 

Poloxamer 188, poloxamer 182, poloxamer 407 and 

poloxamine 908 

3. Sorbitan ethylene oxide 

/ propylene oxide 

copolymers 

Polysorbate 20, polysorbate 60 and polysorbate 80 

4. Alkylaryl polyether 

alcohol polymers 

Tyloxapol 

5. Bile salts Sodium cholate, sodium glycolcholate, sodium 

taurocholate and sodium taurodeoxycholate 

6. Alcohols Ethanol and butanol 
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12. Different preparative procedures of NLCs: 

Production method for solid lipid nanoparticles and the nanostructure lipid carriers are almost 

similar. There are so many well known methods in the literature. However the most important 

methods are
20, 22-25, 32, 37-41, 43, 44, 47-50

 

 Hot/ cold High pressure homogenization 

 Microemulsion technique 

 Solvent emulsification and evaporation technique 

 Hot homogenization followed by ultrasonication technique 

 

12.1.  High pressure homogenization: 

This is the most common method for the preparation of NLC. It includes two different 

basic production method, these are hot and cold high pressure homogenization. In both the 

technique the lipid mixture is melted above the melting temperature (5-10 ºC). In case of hot 

homogenization, aqueous surfactant solution maintained at the same temperature should be 

added to the melted lipid mixture. Then the mixture is stirred to produce a pre emulsion. After 

that the pre emulsion is subjected for high pressure homogenization. Maximum three cycles of 

homogenization at 500 bar is needed. The homogenized nanoemulsion is then subjected for 

cooling at or below room temperature to get NLC. 
31, 41, 43, 45, 47, 51

 

In cold homogenization, the melted lipid mixture is rapidly cooled under liquid nitrogen 

temperature and grinded to prepare lipid microparticles. The pre suspension is prepared by 

adding cold aqueous surfactant solution in the micro lipid particles. Then the pre suspension is 

subjected for high pressure homogenization at or below room temperature to produce NLC. The 

cold high pressure homogenization technique is very much helpful for the system having thermo 

labile drug components. 
31, 41, 43, 45, 47, 51
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12.2.  Microemulsion technique: 

In this method, a hot pre emulsion is prepared by stirring the melted lipid mixture with 

hot aqueous surfactant solution maintained at same temperature like hot homogenization 

technique. But in this method a cosurfactant solution is used in high concentration. The hot 

emulsion is then dispersed in cold water under mild mechanical mixing to get NLC formulation. 

This method is mainly applicable for the large scale production of NLC. 
41, 43, 45, 47

 

12.3. Solvent emulsification and evaporation method: 

In this method the lipid mixture is dissolved in a water immiscible organic solvent. Then 

the lipid solution is dispersed in aqueous phase. After that the organic solvent is evaporated and 

precipitation of the lipid phase in the form of NLC is obtained. This is also a useful technique for 

the preparation of NLC loaded with thermolabile drug. But this method suffers a serious 

limitation. Organic solvent may present in the final dispersion as the complete separation of the 

organic solvent is impossible. 
41, 43, 45, 47

 

12.4.  Solvent diffusion technique: 

In the solvent diffusion method water miscible solvents like benzyl alcohol, ethy formate 

etc., are used. The solvents are mutually saturated with water until the equilibrium is reached. 

The lipid mixture then mixed with water saturated solvent and emulsified with solvent saturated 

aqueous surfactant solution at higher temperature. Then excess water is added to get the 

precipitation of the lipid phase as NLC. 
41, 43, 47

 

12.5.  Hot homogenization followed by ultrasonication technique: 

It is the most applicable and accepted method for the preparation NLC in laboratory 

scale. The simplicity and low cost of preparation is the major advantage of this preparative 

technique. In this technique the lipid mixture is melted at higher temperature than the melting 

temperature of the lipid components. Hot surfactant solution maintained at the same temperature 

is then added to the melted lipid mixture and subjected for high speed stirring for the preparation 

of pre emulsion. Then the pre emulsion is subjected for ultrasonication using a probe sonicator 

maintaining the same temperature. The obtained nanoemulsion is then cooled at room 

temperature to get the NLC. Narrow size distribution and high stability of the suspension can be 
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achived by this method of preparation. But metal contamination and low lipid concentration are 

the major drawbacks of this method. 
43, 47, 52

 

 

 

 

Figure 24. Flow diagram for the preparation of NLC using hot homogenization followed by ultrasonication 

technique. 

 

13. Stability of the NLC formulations: 

NLCs are advantageous and have higher stability in comparison to other colloidal drug 

delivery like micelles, mixed micelles, liposomes and nanoemulsions. Still NLC suffers from 

major stability issues during storage, such as particle size enhancement, gelation of the 

dispersion and drug expulsion from the lipid matrix. 
25, 38, 40-43

 Gelation takes place due to 

formation of the network and lipid bridges between the particles. The physical stability of these 

dispersions is generally investigated by the measurement of particle size, zeta potential (ZP) and 

ploydispersity using dynamic light scattering. Thermal analysis is performed using differential 

scanning calorimetry (DSC). The long term storage of lipid dispersions leads to aggregation and 

shell formation as reported in case of nanocolloidal dispersions having multicrystallinity. 
25, 38, 40-



25 
 

43
 In case of highly concentrated NLC dispersions the particles form a pearl like network, thus 

undergoing collision and subsequent flocculation. After the administration of NLCs and their 

dilution with gastrointestinal fluid, the network is destroyed releasing single non-aggregated 

particles. Lipid particle dispersions were produced at identical surfactant concentration, but with 

low lipid content. The low particle dispersion aggregated during storage time, the gel-like NLC 

dispersion remained stable during storage and after dilution single particles were obtained 

showing no size enhancement. Freely diffusible nanoparticles in low concentration dispersion 

can collide and aggregate, while in highly concentrated dispersions the particles are fixed in a 

network, where further dilution with water releases non-aggregated definite nanoparticles. 
25, 38, 

40-43
 There are several well known technique for giving stability to the NLC systems, among 

them two well known methods are spray drying and lyophilisation. 
31, 39-41

 

 

 

Figure 25 Aggregation method in reducing intensified dispersions and pearl like network in the NLC dispersion 

with stabilizing effect. 
42

 

 

14. Physicochemical characterization of NLCs: 

Detail characterization of NLC formulations  are very important to get detail over view 

regarding the quality and the application potential of the prepared formulations. But detailed 

characterization of NLC is a challenging task due to the complex structure and the dynamic 

lipidic core. Different physicochemical properties like hydrodynamic diameter, polydispersity 

index, zeta potential, phase transition temperature, phase transition enthalpy, heat capacity, 
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crystallinity index, drug loading capacity and the release mechanism etc., decide the 

physicochemical character of NLC. The mentioned physicochemical parameters are also helpful 

in understanding the interaction of NLC and the incorporated drug molecules. Hence, major 

characteristics like particle size, polydispersity index, zeta potential, thermal properties, drug 

incorporation, drug loading, drug release mechanism and the biological performance are needed 

to be discussed for the detailed evaluation of the NLC formulation. Some brief description of the 

mentioned properties is discussed below 

 

14.1. Particle size, morphology, polydispersity index and zeta potential:  

Dynamic light scattering is efficient analytical tool for the determination of particle size. It 

determines the variation in the scattered light intensity resulted by the random movement of the 

dispersed particles. In general He- Ne leaser having emission wavelength 628 nm is used in 

dynamic light scattering studies. The leaser with an angle 90º interacts with the diffused colloidal 

particles. The instrument collects the scattered light to measure the translational diffusion 

coefficient (D). The hydrodynamic diameter (dh) is obtained using Stokes-Einstein„s equation 53-

55
 

 

𝑑ℎ =  
𝑘𝑇

3𝜋𝜂𝐷
 

 

where, k, T  and η are Boltzmann  constant, temperature and viscosity of water respectively. 
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Figure 26. Size distribution curve of NLC (SLC + TS + PA, 2:2:1, M/M/M) formulation obtained from the DLS 

studies.
37

  

 

This technique is applicable for the determination of size of particles having size in the 

ranges 10 to 1000 nm. On the other hand, laser diffraction (LD) is able to determine the size of 

the larger particle having size higher than 1000 nm. Laser diffraction mainly based on the 

principle related to the variation in the diffraction angle with the radius of the dispersed particles. 

Particles with smaller radios resulted strong and instance scatterings in the higher angles range in 

comparison to the large particles. 
22, 25, 52-54, 56

 All the discussed methodology and technique are 

not able to give direct determination of particles size but size of the particle can be determined 

from the scattered light. Among the discussed technique PCS is the most effective and 

sophisticated technique for the determination of particle size. 
40, 41, 43

 But there are so many 

associated problems in the PCS and LD in the determination of the size of the lipid dispersions. 

Due to the presence of the particle populations having different size range, size distribution is 

mainly generated in the determination of size. 
22, 25, 52-54, 56

 In some cases having particle size 

above the nanometer rang light microscopy is also used for the size measurement. But this 

method is not applicable for the particles having size in the nanometer range. Electron 

microscopy like scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

and atomic force microscopy (AFM) are very trusted method in the evaluation of  the particle 

size and morphology of the dispersed particles. These methods are also very important in the 

evaluation of the size and the corresponding distribution. 
22, 25, 52-54, 56

 SEM utilizes the 

transmitted electrons from the surface of the sample under investigation. On the other hand TEM 

uses the transmitted electron from the sample under study.  
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Figure 27. TEM image of NLC (CP+TO+PA, 2:2:1, M/M/M) formulation. 57
 

 

In case of SEM and TEM direct idea regarding the morphology, shape and size are 

obtained. But SEM is not that good in the determination of the size of the NLCs and SLNs in the 

nanometer range. 
24, 25, 56

 Field emission SEM (FESEM) is a modification over the conventional 

SEM is found to be very effective in the determination of size in the nanometer range. However, 

solvent removal and drying processes during the SEM analysis significantly alter the particle size 

and morphology.  FESEM involving the cryo system is very promising in this case. In this 

process the liquid dispersion get frozen in the liquid nitrogen temperature and images are 

obtained in the solid frozen state. 
24, 25, 53, 54, 56

 AFM is also very applicable in the evaluation of 

the size and the surface topology of the lipid nanoparticles. AFM is also important in generating 

three-dimensional image of the surface which is not possible in the electron microscopy.  

 

 

Figure 28. Representative AFM images of the NLC formulations comprising TB + HSPC + BA, 2:2:1, M/M/M (I) 

and TE + HSPC + OA, 2:2:1, M/M/M (2). 54
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AFM is also very applicable in the determination of size in the angstrom range. In this 

technique, the force generating between the sample surface and the tip provides a resolution up 

to 0.01 nm in the image formation. 
54

 

  It is well known that the colloidal particles are polydispersed in nature and the 

determination of size requires simultaneous evaluation of the polydispersity index (PDI).  The 

PDI value in the range 0.1 to 0.5 is regarded for the stable dispersion system. 
32, 36, 38, 44, 47, 49, 53, 54

 

Higher PDI value than the mentioned range indicated the non-homogeneous and unstable 

systems. In most of the cases for the NLCs and SLNs the reported PDIs are found in the range of 

0.3 to 0.5. 
24, 25, 35, 47

 

 The determination of the zeta potential is also very important as it is directly related to 

the stability of the SLN and NLCs. Zeta (ξ) potential can be calculated using Smoluchowski 

equation based on electrophoretic mobility of the colloidal particles: 53-55
 

𝑣 =  
𝜀 𝐸

𝜂
 𝜉 

where, v, ε, η and E indicted electrophoretic velocity, electrical permittivity, viscosity and 

electric field respectively. The value of zeta potential in the range of ±30 mV found to show 

reasonable repulsive interaction between the charged colloidal  particles which significantly 

reduces the aggregation and flocculation rate of NLCs. 
39, 51, 52, 58

 However, in presence of the 

high concentration of the surfactants the above assertion is not totally applicable. The presence 

of surfactants provides the steric stability to the NLCs and SLNs. 
39, 51, 52, 58

 As a result of this, 

surfactants get adsorbed on the surface of the SLN and NLC. Due to the shift in the shear plane 

of the dispersed particles in the presence of surfactants, decreased the magnitude of zeta 

potential. 

 

14.2. Degree of crystallinity and lipid modification: 

The determination of the extent of crystallinity commonly known as crystallinity index 

and the lipidic modification are also vital aspects in characterizing NLC. The mentioned 

parameters are very important in controlling the drug incorporation and release phenomenon. 
31, 

43, 47, 59
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Figure 29. DSC thermograms of the physical mixture of lipids (solid line) and NLC (SLC + TS + PA, 2:2:1, 

M/M/M) formulations (dotted line). 56
 

 

The thermodynamic stability of the NLC are said to enhance and drug loading capacity 

reduces when it moves from supercooled melt to crystalline state through different crystalline 

modification. 
31, 43, 47, 59

  Particles with smaller size are found to show lesser recrystallization and 

the lipid modifications. Differential scanning calorimetry (DSC) and X-ray scattering are two 

extensively used tool in the investigation of the crystallinity of NLC. DSC is based on the 

principal that different lipid modifications have various melting temperature and enthalpies. X-

ray scattering is very useful in estimating the length of the long and short gaping present in the 

lipid lattice in NLC. 
47, 59

 But X-ray diffraction also suffers from limitations like the high 

sensitivity and time consuming measurement process. Such problems are overcome by the 

introduction of synchrotron to the conventional X-Ray diffractometer. Infrared (IR) and Raman 

spectroscopy is also very useful tool in determining the state of crystallinity and the extent of 

lipid modification of NLC formulations. But the application of IR and Raman spectroscopy is 

not very common for the characterization of NLC systems. 

 

14.3. Drug loading capacity and drug incorporation efficiency: 

An improved and efficient drug carrier should allow incorporating a large amount of 

drugs. In addition to this, it should resist the drug for significantly long time. The incorporated 

drug mainly reside in between fatty acid chains or in the imperfections created by the structural 

mismatches among the lipid molecules. 
27, 52-54, 56

 The locations of the drug in the NLC entirely 
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govern by the ratio of drug to lipid and the solubility of the incorporated drug in the lipid 

physical mixture. The incorporated drug can reside in the shell of the NLC or it may reside in the 

core of the formulations. The following equations are used for the calculation of the drug 

incorporation efficiency and drug loading capacity: 
53-55

 

 

Drug incorporation efficiency =  
W TD − W FD

W DC
× 100%  

    Drug loading capacity =  
W TD − WFD

W TD −WFD +WTL
× 100%  

   

where, WTD, WFD and WTL are weight of total drug, weight of free drug and weight of total lipid 

respectively. There are many reports on the formation of the molecularly dispersed drug loaded 

NLC formulations. 
20-24

 The incorporated drug also affects the size of the NLC formulation and 

the physical stability. By optimizing the drug to lipid ratio the physicochemical stability of the 

NLC formulation can be increased. The lipid core of NLC also protects the incorporated drug 

from chemical degradation and provides stability to the labile drugs. 
20, 23, 24

 Thus NLC systems 

ensure the high entrapment efficiency and high retention ability of the incorporated drug. The 

nature of the phospholipid present in the NLC formulation also governs the drug incorporation 

and the drug loading capacity. The generation of phospholipid bilayers also helps in the 

incorporation of the amphiphilic drugs. The amphiphilic drugs are mainly incorporated inside the 

generated bilayers. 
29, 34, 55, 60

 

The determination of the entrapment efficiency and the drug loading capacity, the 

separation of the incorporated and the free drug are necessary. Method of centrifugation is 

mainly used for the separation of the incorporated drug and the free dispersed drug molecules. 
34, 

52-56, 60
 Cooling centrifuge is mostly preferred for this process. It prevents the generation of heat 

during centrifugation. The quantitative determination of the drug present in the sedimentation 

and in continues medium is analyzed by UV spectroscopy. 
34, 52-56, 60

 More accurate estimation 

can be done by HPLC. The size exclusion chromatography is also very promising tool in the 

estimation of the drug present in continues medium and loaded in NLC. 
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14.4. Release of the incorporated drug: 

The release of the incorporated drug from the NLC formulation is an important parameter 

as it is directly related with the therapeutic efficacy and the application potential of the NLC 

formulation. The detailed drug release mechanism from NLC is still unknown and a good area of 

investigation. Due to the complex nature of the lipid matrix in NLC make the release 

complicated in contrast to the release mechanism of SLN where simple diffusion governs the 

release mechanism. 
31, 34, 43, 49, 52-54, 56, 61, 62

 

The main problem regarding the determination of release kinetics of the incorporated 

drug is the burst release. The extent of burst release of the incorporated entirely dependent on the 

production procedure like hot and cold homogenization. Dialysis bag method is the most 

applicable method for the release study.
34, 52-56, 60

 The released drug can be estimated 

quantitatively by UV spectrophotometer or by HPLC technique. The release mechanism of the 

NLC formulations can also studied by analyzing the different release models. DD solver an add-

in program is used for the determination of the release formalisms. 
34, 52-56, 60

 

 

 

Figure 30. Representative release profiles of incorporated procaine hydrochloride from NLC (Span 65 + SLC + SA, 

2:2:1, M/M/M) formulations. 53
 

 

A prolonged drug release is only possible for the NLC system with higher stability and 

lesser lipidic modification. The release mechanism is also directly related to the nature of the 

lipid matrix, concentration of surfactant. 
31, 34, 43, 49, 52-54, 56, 61, 62

 The production parameters are 

also indirectly govern the release of the drug from NLC system. In case of the NLC 

formulations, in vitro drug release is successfully sustained for five to seven weeks. 
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The NLC formulations can also show sustained release without having any burst release 

of the incorporated drug. But the percentage of the burst release and the sustained release can be 

manipulated according to the application need by modifying the lipid matrix of the NLC 

formulations. The burst release is important when a higher initial dose of the incorporated drug is 

warranted. The release profile of the NLC formulations are not directly related with the size of 

the particle but directly dependent on the shape and morphology of the NLC. The distribution of 

the incorporated drug between the lipid phase and the aqueous surfactant solution during the 

production of NLC also regulate the release of the incorporate drug. During production of NLC 

using hot homogenization, drug molecules get partitioned from the melted lipid phase to the 

aqueous surfactant solution. The partitioning behavior of the incorporated drug to the aqueous 

phase is mainly governed by the aqueous solubility of the drug. Higher temperature and high 

surfactant concentration enhanced the saturation solubility of the incorporated drug in the 

aqueous surfactant solution medium. However, during cooling after the homogenization process, 

solubility of the incorporated drug in the aqueous surfactant solution reduces progressively. The 

reduction in temperature causes the re-partitioning of the drug over the lipid phase of the NLC 

formulation. After achieving the recrystallization temperature of the lipid matrix, a solid lipid 

matrix starts forming containing the incorporated drug. After the formation of the crystallized 

lipid core is unable to incorporate further amount of drug, 

The incorporated drug present in the outer shell of the NLC formulation get released in 

the form of a burst release and the drug incorporated into the core of NLC is released in a 

prolonged manner. However, the extent of burst release is mainly determined by the solubility of 

the drug in the aqueous surfactant medium. Higher temperatures and higher amount of surfactant 

enhanced the burst release. During the production of NLC at room temperature stop the 

partitioning phenomenon of the incorporated drug into the aqueous medium and subsequent 

reappearance of the drug in the lipid phase. The productions of NLC at room temperature 

effectively eliminate the burst release of the incorporated drug. The use of the surfactant having 

negligible solubility of the incorporated drug is also very effective in effectively eliminating the 

unwanted burst release of the incorporated drug. 
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15. Popular routes of administration used for NLC formulations: 

The flexibility of the NLC formulations towards all kind of drug and applicability of it in 

various routes of administration makes it very much advantageous over all popular drug delivery 

formulations. Protection of the incorporated drug from chemical degradation and prevention of 

unwanted loss of drug in different routes of administration is admirable for the NLC 

formulations. Protein type of drugs are generally used for parenteral administration. The 

traditional oral administration is difficult due to reaction of the drug with enzyme present in the 

GI path. Due to the degradation of the drug frequent parenteral administration is required since 

the drug half-lives are also very short. The problems are solved by the development of a efficient 

parenteral drug carrier system with controlled and prolonged release property. NLC are very 

useful for parental administration because they are prepared using physiologically tolerated 

lipids. 
44

 The NLC formulations are also very important in preventing the drug degradation in the 

parental route of administration. 
20-23, 31, 43

 

The use of NLC formulation for the oral drug in case of peptide drugs has concerned 

considered recent interest among the pharmacists. Controlled release of the incorporated drug 

from the NLC formulations enables the drug in bypassing the gastric and intestinal degradation 

of the drug. The stability of the NLC formulation in contact with GI fluid, smaller size and use of 

the biodegradable material make them very efficient as oral delivery agent. 
63

 In the oral route, 

the preferential absorption of the lipid nanoparticles occurs by mucosa present in the intestine.
31, 

40, 41, 43
 

The use of the NLC formulations as the topical delivery agent is well explored in recent 

time. The NLC formulations are found to be very effective in the treatment of the infectious skin 

and found to show the desirable effect of the treated region. Due to the used of the biodegradable 

and non toxic lipid, they are also non irritant towards the skin.
20, 21, 24, 25, 49, 64

 

Lungs are very efficient in adsorbing drugs as they offer high surface area for drug 

absorption and avoid first-pass problems. Aerosolization of the drugs is a very efficient method 

for the effective adsorption on the walls of alveoli present in the lung. The preparation of the 

nebulished NLC is a new and developing area of investigation. NLCs are used as the carrier for 

anticancer drugs in lung cancer. They also enhanced the bioavailability of the peptide drugs. 

Nebulized NLC formulations are found to be very successful in improving the performance of 
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drug in the treatment of pulmonary tuberculosis. They are also very efficient in reducing the dose 

frequency of the drug. 
31, 38, 43, 44, 54

 

The NLC formulations are found to be very promising in enhancing the bioavailability of 

drugs in the ocular rout of administration. The NLC formulations are found to be more efficient 

than the polymeric nanoparticle used for the ocular delivery of different drugs. Biocompatibility 

and muco-adhesive characteristics of the NLC formulations improve their efficiency in the 

ocular path of drug delivery. Prolong release time of the incorporated drug also make the NLC 

formulation a advantageous delivery agent in the ocular route of administration. 
23, 31, 43

 

Nasal administration route is a very advantageous route for the delivery of the chemically 

labile drug having risk of degradation in the other route of administration. NLC formulations 

with hydrophilic coating are found to be particularly very advantageous for this route of drug 

administration. Recently PEG coated NLC formulations are studied for the vaccine carrier also. 

23, 31, 43
 

Rectal administration rout is preferred when rapid pharmacological results are warranted. 

The efficacies of some drugs are found to be higher in the rectal route of administration in 

comparison to the orally or intramuscularly administered drug. Diazepam is an successful drug in 

the rectal administration using NLC.
20-25, 31, 43

 

 

16. Applications of NLCs:  

16.1. NLCs as the delivery system for anticancer agent:  

There are several available reports on NLC as an anticancer drug delivery agent. It was 

observed that tamoxifen was successfully incorporated in the NLC systems. Intervenes 

application of it was found to be advantageous for the breast cancer treatment due to its more 

permeability and retention effects. Drugs like methotrexate and camtothecin were also 

successfully incorporated in NLC and used as a targeted delivery for tumors cells. The efficacy 

of the anticancer drug also found to be enhanced in combination with NLC formulations. The 

efficacy of doxorubicin was found to enhance by many fold over the cancerous cell lines. 
20-25, 31, 

43, 53, 65, 66
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16.2. NLCs as anti-tubercular drug delivery agent: 

NLC systems were also employed as a successful drug delivery agent for a large number 

of anti tubercular drugs. It was observed that the dose frequency of some important tubercular 

drugs was found to reduce in combination with NLC. Drugs like refampicin, isoneazide and 

pyrazinamide were found to incorporate successfully in NLC and the dose frequency of them 

were found to decrease to a considerable extent. The NLC formulations were also prevented the 

drug-drug interaction which is very common for the anti tubercular drugs. The drugs like 

isoneazide and refampicin was found to show the adverse drug-drug interaction. But in the 

presence of NLC, considerable reduction in the drug-drug interaction has been reported. 

Srefampicin was successfully targeted with minimum cytotoxicity and reported safe for in vivo 

applications. 
38, 44, 67

 

 

16.3. Some other applications of NLC: 

In recent time NLC has come out as a successful drug delivery system for brain targeting. 

They are very much capable and efficient to carry the drug molecules to the particular portion of 

human brain without effecting the chemical reactivity and therapeutic efficacy of the drug. It has 

been proved that chitosen coated NLC systems were very promising in delivering drug in the 

human brain through the nasal administration route. 
31, 43, 44, 66, 67

 High penetrating capacity of the 

NLC through the blood brain barrier and compatibility with all kind of drug makes NLC 

formulation advantageous in this route of administration. So it is doubt less that in future NLC 

will become a promising drug delivery agent for brain due to its high penetration capacity and 

compatibility with wide verity of drugs. 
31, 43, 44, 66, 67

 NLC systems are also very useful for the 

topical application. There are a large number of drugs which are successfully used for the topical 

applications in combination with NLC. The names of some drugs are ketoconazole, tropolide, 

imidazole, isotretine, etc. not only drugs vitamin A and DNA was also delivered using NLC as 

delivery for topical formulations.
20-25, 66

 NLC has been widely used by many pharmaceuticals 

company for the preparation of the sunscream containing UV radiation protector. It was proved 

that, the presence of NLC in the conventional creams was found to enhance the skin hydration to 

a considerable extent.
20-25, 66
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AIM AND SCOPE 

 

Nanostructured lipid carriers are the most advantageous and modified form of drug 

delivery system of recent time. They are found to be advantageous over other well known 

conventional drug delivery systems like emulsions, polymeric nanoparticles, liposomes, etc, The 

NLC formulations were also found to be advantageous over SLN, which is very popular among 

the lipid based drug delivery systems. Beside these advantages, NLC formulations suffer from 

several serious limitations. Some major limitations of NLC formulations are stability of the NLC 

systems, lipid modification inside NLC during storage, leakage of the incorporated drug, 

insufficient loading and fast release of the incorporated hydrophilic and amphiphilic drug 

molecules. In the present set of research work, new set of NLC formulations were developed and 

modified to overcome the mentioned drawbacks. The main aim of the entire works presented in 

the dissertation is to establish them as the novel drug carrier systems. Throughout the thesis, 

different NLC formulations were prepared using different combination of phospholipids, 

triglycerides, saturated and unsaturated fatty acids. Synthetic ion pair amphiphile (IPA) was also 

used as one of the lipidic components in enhancing the stability of the NLC formulations. 

Several amphiphilic drug molecules like curcumin (CUR), chrysin (CHR), long chain derivatives 

of chrysin (LCDs) and oleanolic acid (OLA) have been used throughout the work presented in 

this thesis. The work discussed in the CHAPTER 1 is mainly aim to investigate the effect of the 

different fatty acid and the role of the fatty acid chain length on the stability and performance of 

the NLC formulations. In this chapter the NLC formulations were designed to deliver the CUR 

as a topical drug delivery system and make it applicable as a potent anti bacterial agent. It was 

observed that the physicochemical character performance of the NLC formulations in terms of 

drug loading, drug incorporation efficiency and drug release rate were found to be dependent on 

the length of the hydrocarbon chain of the used fatty acid on the NLC. The biological activity of 

the CUR loaded formulations were also studied in terms of antibacterial activity against Bacillus 

amyloliquefaciens bacteria, isolated from soil. The activity of CUR was found to be improved in 

combination with the NLC systems. The aim of CHAPTER 2 was to improve the bioavailability 

and drug loading capacity of CHR in NLC formulations and use the drug loaded NLC 

formulation as anti cancer agent. In this work, lipophilicity of CHR was enhanced by 

synthesizing LCD by incorporating hydrocarbon chain on CHR molecule. Improved 
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physicochemical stability and performance were noted for LCD loaded NLC formulations.  LCD 

loaded NLC formulations were also found to show higher anticancer activity in comparison to 

the CHR loaded NLC formulations. The aim of CHAPTER 3 is to enhance the physicochemical 

stability and performance of the conventional NLC formulations by substituting the natural 

phospholipid (SLC) by synthetic ion pair amphiphile (IPA) and using those IPA modified NLC 

formulations (NLCIPA) as the drug delivery systems for anticancer drug, OLA. The 

physicochemical properties of the NLCIPA formulations were compared with the conventional 

NLC formulations. The stability of the NLCIPA were found to be improved in comparison to the 

conventional NLC formulations. In vitro cytotoxicity of the OLA loaded NLC and NLCIPA 

formulations were studied against HepG2, Huh-7 and HCT-116 cancer cell lines using MTT 

assay technique. The activity of the OLA loaded NLCIPA were higher than the OLA loaded 

conventional NLC formulation. The aim of CHAPTER 4 was focused on the development of 

suitable NLC systems for hydrophilic water soluble drug, PYZ. Low entrapment efficiency, drug 

loading capacity and very fast release of the incorporated drug restrict the use of the 

conventional NLC systems towards water soluble drug. In the present work the conventional 

NLC formulations were modified by incorporating nonionic polymer PEG 2000 and NLCPEG 

formulations were developed. Significant improvement in the stability was noted for the NLCPEG 

formulation due to the marked reduction in the coagulation rate and lipid modification. The 

presence of the additional PEG 2000 layer provided a large deal of steric stability, higher drug 

incorporation efficiency, high drug loading capacity and prolonged release of the incorporated 

drug. The present work is expected to be helpful for the further modification of NLC for the 

delivery of water soluble drug in the near future. 
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CHAPTER 1 

 

Effect of fatty acids on the interfacial and solution behaviour of mixed lipidic aggregates 

called solid lipid nanoparticles 

 

Abstract 

Mutual miscibility of soy lecithin (SLC), tristearin (TS), fatty acids (FA) and curcumin 

were assessed from surface pressure (π) – area (A) isotherms at air-solution interface with the 

intention to formulate modified solid lipid nanoparticles (SLN). Appearance of minima in excess 

area (Aex) and changes in the free energy of mixing (∆G
0

ex) were recorded for systems with 20 

mole% FA. Modified SLNs, with potential as topical drug delivery systems, were formulated 

using the lipids in combination with curcumin, stabilized by aqueous Tween 60 solution. 

Optimum formulations were assessed by judiciously varying the FA chain length and 

composition. Physicochemistry of SLNs were investigated by analyzing its size, zeta potential 

(dynamic light scattering, DLS), morphology (FF-TEM) and thermal behavior (differential 

scanning calorimetry (DSC). Size and zeta potential of the formulations were in the range of 300 

– 500 nm and -10 to - 20 mV respectively. Absorption and emission spectroscopic studies further 

support the DLS and DSC observations to confirm the location of curcumin in the palisade layer 

of SLNs. SLNs sustained the release of incorporated curcumin. Curcumin loaded SLNs showed 

positive response to gram positive bacteria, Bacillus amyloliquefaciens. Combined studies on the 

physicochemistry of curcumin loaded SLNs, sustained release and antibacterial activity put them 

forward as promising topical drug delivery agents. 

J. Oleo Sci. 2016, 65, 419-430. 
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1. Introduction 

Among the different nanocolloidal drug delivery systems, lipids are superior for its 

biocompatibility, ease of storage, targeted delivery and control over the release process, etc
1, 2

. 

Apart from micelles, microemuslions, liposomes, cubosomes and hexosomes,
3-8)

 the other lipid 

carriers are solid lipid nanoparticle (SLN) and modified SLN, also known as second generation 

nanolipid carrier
1, 9

. SLNs are formulated by replacing oil of the O/W emulsion by solid lipids 

which have the average diameter of 50-1000 nm. In case of modified SLNs, systems have 

distinct multicrystalline internal morphology as they are made up of structurally different lipids 

(solid-solid or solid-liquid). Second generation SLNs thus exhibit superiority over the other 

delivery systems and have emerged as promising alternates
1, 10

. Reduced drug expulsion, 

enhanced drug incorporation efficiency, prolonged physical stability and easy production of 

second generation SLNs have made them promising drug delivery systems
11

. Detailed study on 

the physicochemical characterization and application on different routes of drug administration 

using SLNs have been well documented in the literature
2
. However, in case of second generation 

SLNs, the reports are sparse and the works on the physicochemical characterization especially on 

the long term stability are fragmented in nature. Thus systematic investigations on suitable lipid 

blends, physicochemical stability and drug payload of modified SLNs are considered to be 

important. 

Selection of appropriate blend of lipids is essential in obtaining a stable SLN dispersion. 

Although there are no strict thumb rules, however, the usual components of the SLNs include 

fatty acids, monoglycerides, diglycerides, triglycerides, waxes, liquid lipids, as well as ionic 

lipids
12

. Although the wax based SLNs are more stable, however, they suffer from the major 

limitations like crystalline modification and drug expulsion during storage, etc
13

. Recently our 

research group has reported stable SLNs whereby the waxy material has been replaced by an 

unsaturated phospholipid, soy lecithin
14, 15

. In another report of Wong et al.,
16

 it was proposed 

that longer chain fatty acids can undergo slower crystallization compared to the short chain 

analogs. However, no report on the systematic investigation involving a series of fatty acids are 

available in literature whereby also the waxy material has been replaced by an unsaturated/oily 

phospholipid. The present study endeavors to the challenge in understanding the combined effect 
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of the variation in the concentration and chain length of fatty acid with enhanced 

physicochemical stability and superior drug payload. 

Curcumin, commonly known as turmeric, is a low molecular weight polyphenolic natural 

product. It has good antioxidant property with a broad spectrum of biological applications: 

treatment of inflammatory disorder, cancer, HIV infections, cystic fibrosis and Alzheimer, etc
17-

19
. In spite of its wide range of applications, its limited aqueous solubility and low bioavailability 

restricts its use as a potential drug. Suitable delivery systems are thus warranted to enhance its 

bioavailability. SLN and liposomes can play major roles in this regard
19-23

. However,  reports on 

the use of modified SLNs as carrier for curcumin are limited
24

. Hence the long term stability of 

curcumin loaded in modified SLNs and its release study are considered to be very interesting 

exploratory facets
21

. Due to the presence of chromophoric group, curcumin exhibits strong 

absorption and emission spectra in the UV-visible region. Polarity dependent shift in the 

absorption and emission spectra of curcumin can be used to assess the state of polarity and 

rigidity of SLNs without the need of an additional molecular probe. 

Lipidic monolayer at the air-solution interface can simulate the experimentally observed 

interaction between lipid molecules in the self-aggregated assemblies and similar concept can be 

extended to mixture of lipids. In order to congruent this issue studies on the interfacial behaviour 

of the components, being used in formulating the SLNs, are considered to be significant. Mutual 

miscibility among the components at the air-solution interface can simply be assessed by 

analyzing the surface pressure (π) – area (A) isotherms. Such studies can also help in 

understanding the packing behavior of the hydrocarbon chains, which subsequently influences 

the formation and stability of the aggregated species in the form of SLN. 

In the present manuscript, a series of modified SLNs comprising soy lecithin (SLC), 

tristearin (TS) and fatty acid (FA) were formulated and characterized with special emphasis on 

the effect of FA concentration and chain length (C12 - C18). Studies on the monomolecular films 

of the lipids in different molar ratio were performed to assess the optimum lipid composition 

(miscibility) in preparing SLNs. Curcumin, as a potential drug, were incorporated into the 

studied systems to evaluate the interaction and associated thermodynamics of the mixed 

monolayer. Characterizations of the formulated SLNs were subsequently carried out by 

analysing its size, zeta potential and thermal behavior. FF-TEM studies were performed to obtain 

the morphological information. Curcumin loaded SLNs were further subjected to absorption and 
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emission spectroscopy, fluorescence anisotropy, encapsulation, release and antibacterial activity 

studies. It is believed that such a comprehensive set of studies would help in understanding the 

role of the FAs in developing a promising drug delivery system for curcumin. 

2. Materials and Method 

2.1. Materials 

Soylecithin ([(2R) -2,3- di (tetradecanoyloxy) propyl] -2- (trimethylazaniumyl) ethyl 

phosphate, SLC) was purchased from CALBIOCHEM, Germany. The phospholipid contains 

linoleic acid (62 - 65%) and palmitic acid (15 - 17%) as stated by the manufacturer. Tristearin 

(TS) and curcumin [1, 7-bis (4-hydroxy-3-methoxyphenyl)-1, 6-hepatadiene-3, 5-dione] were 

purchased from Sigma-Aldrich Chemicals, USA. Lauric acid (LA), myristic acid (MA), palmitic 

acid (PA), stearic acid (SA) and the nonionic surfactant Tween 60, all of analytical grade, were 

purchased from Sisco Research Laboratory, India. All the chemicals were stated to be >99.5% 

pure and were used as received. HPLC grade solvents from E. Merck, Mumbai, India were used. 

Double distilled water with specific conductance of 2-4 µS (at 25 °C) was used throughout the 

experiment.  

2.2. Preparation of SLNs 

SLNs were prepared using the standard hot homogenization followed by ultrasonication 

technique.
14, 24

 Further details are available in our recent publication
14, 15

. SLN suspensions were 

stored at 4 °C in dark. In all the formulations total lipid concentration was kept fixed at 1 mM 

where SLC and TS were used in equimolar ratio. FA proportion/content was varied in the range 

of 5 – 30 mole % (with respect to total lipid) with an increment of 5 mole%. In case of curcumin 

loaded SLNs, 20 mole% of FA was used.  

2.3. Instrumentation 

Langmuir surface balance (Micro Trough X, Kibron, Finland) was used in recording the 

surface pressure (π) – area (A) isotherms. Either pure water or 10 mM Tween 60 solution was 

used as the subphase. Monolayers were generated by careful spreading of 1mM chloroform-

methanol (3:1) solution of lipids over the surface with a micro syringe. Solvent was allowed to 

evaporate for 20 min. After the generation and equilibration of the  monolayer film the barriers 

were compressed at a rate of 5 mm/min
25

. Hydrodynamic diameter (dh), zeta potential (Z.P.) and 

polydispersity index (PDI) values were measured by a dynamic light scattering spectrometer 
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(Nano ZS 90, Malvern, UK). Morphology of the SLNs were studied by freeze fractured 

transmission electron microscope (FF-TEM, H-7650, Hitachi Science Systems Ltd., Japan). 

Differential scanning calorimetric studies were performed using DSC 1 STAR
e
 system (Mettler 

Toledo, Switzerland) with a scan rate of 2 °C min
-1

. 40 µL sealed aluminium pan was used for 

DSC experiments. A pan containing dispersion medium (10 mM Tween 60) was used as 

reference
14

. Absorption and emission spectroscopic studies of curcumin loaded SLNs were made 

with UV-vis spectrophotometer (UVD-2950, LaboMed. Inc., USA) and bench-top 

spectrofluorimeter (Quantummaster-40, Photon Technology International, NJ, USA) 

respectively. Fluorescence anisotropy values were derived according to the following equation:
25

 

     𝑟 =  
𝐼𝑉𝑉− 𝐺 𝐼𝑉𝐻

𝐼𝑉𝑉 + 2𝐺𝐼𝑉𝐻
                                                                   (1) 

where, IVV and IVH are the fluorescence intensities and the subscripts indicate the position of the 

excitation and emission polarizer. G is the grating correction factor (G = IHV/IHH). 

2.4. Entrapment efficiency and loading capacity studies 

Percentage of curcumin entrapped in SLN was estimated by the method of 

centrifugation.
26

 Entrapment efficiency (EE)  and drug loading capacity (DL) of SLNs were 

calculated as:
26

 

    𝐸𝐸% =  
𝑊𝑇𝐶− 𝑊𝐹𝐶

𝑊𝑇𝐶
× 100%       (2) 

                      𝐷𝐿% =  
𝑊𝑇𝐶− 𝑊𝐹𝐶

𝑊𝑇𝐶−𝑊𝐹𝐶 +𝑊𝑇𝐿
× 100%                       (3) 

where, WTC, WFC and WTL represent the total amount of curcumin, free curcumin and total 

amount of lipid respectively. 

 

2.5. In vitro drug release and release kinetic studies 

 Dialysis bag of 12 kDa (Sigma-Aldrich, USA) containing 10 mL of the curcumin loaded 

SLN formulation was suspended in 20 mL of release medium (aqueous 10 mM Tween 60)
27

. 

The experiment was carried out under sink condition at room temperature with constant stirring. 

5 µM curcumin in Tween 60 solution (10 mM) was used as control. The released curcumin was 

quantified colorimetrically.  
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2.6. Anti-bacterial activity 

The cup-plate method
28

 was adopted for the antibacterial activity studies of curcumin 

loaded SLNs. The studies were carried out using Bacillus amyloliquefaciens (gram positive, 

isolated from soil). Antibacterial activity was assessed by calculating the zone of inhibition. 

All the experiments, unless otherwise stated, were carried out at 25 °C. 

 

3. Results and discussion  

3.1. Interfacial behavior of the monomolecular films 

In order to assess the optimum lipid composition and to get an idea about the impact of 

FAs as well as curcumin, surface pressure (π) – area (A) isotherm of the lipids and curcumin in 

its pure form as well as in the form of mixtures were constructed. The lift-off area for SLC, TS, 

PA and curcumin appeared at 1.28, 0.63, 0.25 and 0.51 nm
2 

molecule
-1 

respectively (panel A of 

Fig. 1).  

 

Figure 1. Surface pressure (π) – area (A) isotherm of SLC (1), TS (2), PA (3) and curcumin (4, panel A) and mixed 

monolayer of SLC+TS (1:1) and PA (panel B and C). Panel D describes the π-A isotherms of mixed monolayer of 

(SLC+TS+ PA, component 1) and curcumin(component 2). While pure water was used for A & B, 10 mM aqueous 

Tween 60 solution was used as subphasein C and D. Mole% of PA (B and C): 5 &10, 0; 6 &11, 10; 7 &12, 20; 9 
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&13, 80 and 8 &14, 100. Mole % of curcumin (Panel D): 15, 0;16, 80; 17, 40; 18, 50; 19, 60 and 20, 

100.Temperature 25 °C. 

 

The obtained results were found to be in good agreement with the literature values
29-31

. In 

case of pseudo binary lipid mixtures, with water (panel B pf Fig. 1) and Tween 60 solution 

(panel C of Fig.1) as subphase, isotherm of the pseudo binary mixed monolayer approached the 

isotherm of the pure FAs with increasing proportion of FA. Initially the surface pressure was 

zero when water was used as the subphase. However, in case of Tween 60 solution, being used 

as the subphase, the surface pressure increased to a finite value (2-3 mNm
-1

). Inherent surface 

activity of Tween 60 was mainly responsible for the initial increase in surface pressure. No 

systematic variation in the collapse pressure with the progressive addition of FA in the surface 

pressure area isotherm of the lipid aggregated systems was observed in the present set of 

experiments. Presence of three structurally different lipids makes the orientation of the 

monolayer complicated at the closed pack state. Thus detail understanding on the variation in the 

collapse pressure with lipid composition and nature of the monolayer at the closed pack state, 

fluorescence microscopic analysis is warranted. Tween 60 enhanced both the lift-off area and 

initial surface pressure for all the systems, indicating the expansion of monolayer due to its 

hydrocarbon moiety
32

. In the closed pack state lipid molecules approaches the closest distance 

among them in the monolayer formed at the air water interface. The tristearin (TS) molecules 

also behave in the similar manner. In this situation the free movement of the hydrocarbon chains 

becomes restricted at the interface. It resembles the formation of the solid state in the closed pack 

situation. Further, increase in the surface pressure lead to desorption of the monolayer indicated 

by sudden drop in the surface pressure in the surface pressure area isotherm. 

Compressibility modulus (Cs
-1

) is defined as the reciprocal of film compressibility (Cs) which 

indicates the resistance of monolayer against compression
25

. The state of a monolayer at air-

solution interface depends on factors like hydrocarbon chain ordering and tilting of polar head 

group, etc
25

. Compressibility modulus (Cs
-1

) was calculated from the surface pressure (π)-% 

compressed area (%A) data using the following expression:
25 

 

𝐶𝑠
−1 =  −𝐴  

𝑑𝜋

𝑑𝐴
 
𝑇

                                                                                  (4) 
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Variation of Cs
-1 

with percentage of compressed area and surface pressure for some systems 

are shown as representative in Fig. 2.  

 

Figure 2. Dependence of compression moduli (Cs
-1

) of (SLC+TS+FA, 2:2:1, M/M/M) monolayer with percentage of 

area compressed and surface pressure (π) at 25 °C. 10 mM aqueous Tween 60 solution was used as subphase. FAs 

are mentioned inside the figure.
 

 

Cs
-1

 values increased steadily and passed through maxima (left panel of Fig. 2). Multimodal 

nature in the Cs
-1 

vs. percentage of area compressed (% A) profile was observed for SLC+TS 

(1:1, M/M, inset of the left panel) mixed monolayer which disappeared with the addition of FA, 

indicating enhanced molecular association induced by added FA. Slope of the Cs
-1 

vs. % A 

curves increased with increasing FA chain length, which was due to increased molecular 

association through the hydrophobic interaction of the hydrocarbon chains of lipids and 

formation of condensed monolayer with FA
33

. Cs
-1

 values increased with increasing surface 

pressure and passed through maxima, like the Cs
-1

 vs. % A curves (right panel of Fig. 2). 

Maximum Cs
-1

(68.9 mNm
-1

) was observed for SLC+TS (1:1, M/M) mixed monomolecular film. 

There occurred a decrease in the Cs
-1 

values with the incorporation of FA. Further reduction in 

Cs
-1

 was noted with increasing the FA chain length, which indicates associative interaction and 

formation of condensed/compact/rigid monolayer induced by FA
33

. 

For an ideal mixed monolayer, mean molecular area (Aid) can be expressed as:
25 

 

𝐴𝑖𝑑 =  𝑥1𝐴1 +  𝑥2𝐴2                                                             (5) 
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where, x and A represent the mole fraction and area of the individual component. Excess 

molecular area (Aex) was calculated as:
25 

     𝐴𝑒𝑥 =  𝐴12 −  𝐴𝑖𝑑                                             (6) 

where, A12 is the experimentally obtained mean molecular area of the mixed monolayer. In case 

of Tween 60 being used in the subphase, the obtained results were normalized with respect to the 

surface activity of Tween 60. Results for the PA comprising systems are shown in Fig. 3 as 

representative along with the changes in excess free energy of the mixing process. 

 

 

Figure. 3 Variation of excess molecular area (Aex) and excess free energy change (∆𝐺𝑒𝑥
0 ) with PA and curcumin 

mole%. For panel A, B: Component 1: SLC+TS (1:1, M/M), Component 2: PA. Forpanel C, D: Component 1: 

SLC+TS+PA (2:2:1, M/M/M), Component 2: curcumin. Surface pressure (mNm
-1

): O, 5; ∆, 10; □, 15; , 20; ◊, 25 

and , 30. Temperature: 25 °C 

 

 In case of FAs, observed negative deviation from ideality indicates associative interaction 

among the components.
25, 30

 Appearance of minima at 20 mole% FA indicates maximum 

association among the components. Additional stability for 20 mole% FA comprising systems 

was further established through the excess free energy (∆𝐺𝑒𝑥
0 ) vs. composition profile (panel B of 

Fig. 3).  Excess free energy of mixing was calculated using the following expression:
25, 30 
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∆𝐺𝑒𝑥
0 =    𝐴 −  𝑥1𝐴1 + 𝑥2𝐴2  𝑑𝜋 

𝜋

0
                                                         (7) 

 

 Decrease in the negative magnitude of Aex and ∆𝐺𝑒𝑥
0  values were observed with the increase 

in FA amount above 20 mole% irrespective of the fatty acid chain length. On account of the 

obtained minima, 20 mole% FA was considered as optimum amount for further studies. 

 Miscibility of curcumin with the lipid mixtures (SLC+TS+FA, 2:2:1, M/M/M, considered as 

a single component) were also studied at the air-solution interface. Isotherms of PA comprising 

lipid mixture with varying mole% of curcumin have been shown in panel D of Fig. 1 as 

representatives.  No systematic variation in the π-A isotherms with progressive addition of 

curcumin was observed. Aex and ∆𝐺𝑒𝑥
0  vs. curcumin mole% profile are shown in the panel C and 

D of Fig. 3 respectively. Positive deviations in Aex value indicated repulsive interaction between 

curcumin and the lipids. Inclusion of curcumin into the palisade layer, due to its rigid and 

amphiphilic nature, resulted in the expansion of monolayer. 

3.2. Solution behavior of SLNs (DLS studies) 

Hydrodynamic diameter (dh), zeta potential (Z.P.) and polydispersity index (PDI) are the 

markers of physicochemical stability and performance of SLNs
34)

. Values of dh and PDI at 

different time intervals have been shown in Fig. 4. 
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Figure 4. Variation in hydrodynamic diameter (dh) and polydispersity index (PDI) with time for SLNs 

(SLC+TS+FA, 2:2:1, M/M/M). Samples were stored at 25 °C. FAs are mentioned inside the figure. 

 

Size of SLNs were in the range 300-500 nm. Size distribution curve of some representative 

systems are given in the Fig. 5. Asymmetric unimodal size distribution (as shown in Fig. 5),  

 

 

Figure 5. Hydrodynamic size (diameter, dh) distribution of SLNs comprising different fatty acids.  1 mM SLN 

formulation of SLC+TS+FA (2:2:1, M/M/M) dispersed in 10 mM aqueous Tween 60 solution were studied. FAs are 

mentioned inside the figure. Temperature: 25 °C 

 

indicates heterogeneity in the formation of SLNs. SLN formulations comprising of 5 – 30 mole% 

FA (with an increment of 5 mole%) were subjected for DLS studies. Although size of SLNs was 

not significantly dependent on FAs content. However, mild size constriction for 20 mole% FA 
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comprising systems were recorded. The observed reduction in size indicated the formation of 

well organized and compact packing of the lipid molecule at this composition. The monolayer 

experiments also supported the above observation. Obtained maximum associative interaction at 

20 mole% FA comprising systems clearly indicated the formation of condensed system. Further, 

obtained maximum negative excess free energy (∆𝐺𝑒𝑥
0 ) provided additional stability to 20 mole% 

FA comprising system. Results imply that 20 mole% FA was the optimum amount for imparting 

stability to SLNs. 

An overall increase in the size of SLNs with time has been observed, except for SA. Size 

enhancement with time indicated ongoing crystalline modification during storage
35

. Rate of 

crystalline modification towards more compact structures were found to be higher for LA and 

MA than PA and SA. The results could be rationalized on the basis of smaller hydrocarbon chain 

and low melting point of LA and MA, according to the proposition of Wong et al
16

. Higher dh 

value in case of LA and MA indicates the formation of less organized SLNs. No significant 

change in size for PA and SA indicates the formation of more organized SLN due to the 

compatibility between PA/SA and the other lipids (in terms of hydrocarbon chain length). Such 

observations are in accordance with results obtained from monolayer studies (reduction in Cs
-1

 

and increase in slope of Cs
-1 

vs. %A profile in case of PA and SA, compared to LA and MA). All 

the formulations became unstable after 45 days, as revealed through drastic size enhancement. 

Curcumin loaded SLNs followed almost similar size–time profile as that of the blank SLNs that 

led to conclude that curcumin was in the palisade layer and did not interfere with the crystalline 

modification undergoing in the core of SLN matrices
36, 37

. Increased PDI value with added 

curcumin suggests its irregular surface accumulation. No marked effect of curcumin 

concentration on PDI value was observed.  

Zeta potential (Z.P.) is a direct measure of the surface charge which regulates the physical 

stability of SLN by preventing particle aggregation during storage. For the studied systems, Z.P. 

values were in the range -10 to -20 mV. Steric stabilization associated with Tween 60 was 

clearly reflected by the suppressed Z.P. values
38-40

. Irregular variation in Z.P. with increasing FA 

concentration was an ambiguity, which needs further investigation. Curcumin reduced the 

negative Z.P. value of SLNs. Z.P. value did not change systematically with curcumin 

concentration. Z.P. for the curcumin loaded systems were in the range of -7 to -9 mV.  Reduction 

in the magnitude of negative Z.P. accounts for the location of curcumin in the palisade layer of 
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SLN. Presence of curcumin onto the interface resulted in a non polar environment which 

suppressed the FA dissociation
38

. 

3.3  Morphological Studies 

Morphology of the SLNs were investigated by freeze fractured TEM (FF-TEM) 

technique. FF-TEM images of SLNs with PA in the absence and presence of curcumin have been 

shown in Fig. 6 as representatives.  

 

 

Figure 6. FF-TEM images of SLN (SLC+TS+ PA, 2:2:1, M/M/M) in the absence (A) and presence (B) of curcumin. 

Scale bar: 500 nm. 

SLNs were nearly spherical in shape with surface imperfections and size ranged between 

200 - 300 nm, comparable with the DLS data. Uneven surface morphology of the curcumin 

loaded SLNs were observed in comparison to the SLN without curcumin from FF-TEM studies. 

The observed unevenness of the surface indicated the presence of curcumin in the palisade layer 

of SLNs. Also curcumin promoted the formation of the aggregated structures between two or 

more SLNs whereby curcumin acted as „adhesive/glue‟ between two SLN particles. Increase in 

the hydrodynamic diameter as well as PDI value for the curcumin loaded SLNs also indicated 

the existence of aggregated structured formed. 

3.4 Differential scanning calorimetric (DSC) studies 

Effect of FAs and curcumin on SLNs were also investigated by DSC studies. Results have 

been summarized in table 1. 
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Table 1. Phase transition temperature (Tm), peak width (ΔT), change in enthalpy (ΔH) and heat capacity 

(ΔCp) of SLNs (SLC+TS+FA). 

 

 Mole% of FA Tm/°C ΔT/ °C (-)ΔH/ k cal.mol
-1

 ΔCp/ kcal.mol
-1

C
-1

 

LA 0 29.02 6.86 32.84 4.78 

15 27.82 6.79 31.26 4.60 

20 27.89 7.41 29.84 4.02 

25 26.62 10.01 25.55 2.55 

MA 0 29.02 6.86 32.84 4.78 

15 27.11 6.67 14.08 2.11 

20 27.53 6.97 18.19 2.60 

25 26.66 8.81 21.24 2.41 

PA 0 29.02 6.86 32.84 4.78 

15 28.5 6.41 20.25 3.16 

20 27.74 7.13 13.06 1.83 

25 26.92 10.60 16.89 1.59 

SA 0 29.02 6.86 32.84 4.78 

15 28.79 6.92 26.04 3.76 

20 30.59 3.47 1.31 0.37 

25 30.69 3.45 2.51 0.73 

Concentration of the SLNs were fixed at 5mM. All the DSC studies were performed on day1. Scan rate:  2 °C min
-1

. 

 

While blank SLNs with 15, 20 and 25 mole% of FA were studied, SLNs with 20 mole% FA 

were used for curcumin loaded systems. In all the cases, while the endothermic heating curves 

were broader, th cooling curves were narrower and distinct (Fig. 7).  
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Figure 7. DSC thermogram of a 5 mM SLN formulation (SLC+TS+PA, 2:2:1, M/M/M).  Scan rate: 2 °C / min. 

 

Similar to the liquid crystalline systems, temperature of maximum heat flow in the cooling 

scan appeared ~ 2 – 3 °C below the same detected in the heating scan. The cooling thermograms 

were, therefore, used for further evaluation of thermal parameters like temperature of maximum 

heat flow (Tm), difference between the onset and end set temperature of phase transition process 

(∆T), change in enthalpy (∆H) and heat capacity (∆Cp)
14, 25

. DSC cooling thermograms of SLNs 

with different FAs have been shown in Fig. 8. 
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Figure 8. DSC cooling thermograms of 5mM SLNs (SLC+TS+FA, 2:2:1, M/M/M, stabilized by 10 mM aqueous 

Tween 60) with different fatty acids (1, LA; 2, MA; 3, PA and 4, SA). Scan rate: 2 °C /min 

 

Tm values appeared in the range of 26-30 °C. A significant decrease in the Tm value for 

SLNs, compared to the bulk mixture of lipids, were due to the decreased size of the aggregates 

according to Thomson proposition
20, 41

. Reduction in Tm was due to the multicrystallinity in 

SLNs as lipid blends and Tween 60 were used in the formulation. Modified SLNs are prepared 

mainly by using lipid blend containing two or three structurally different lipids. The individual 

lipid molecules exist in their specific liquid crystalline arrangement. When used in the 

preparation of SLN, their original liquid crystalline arrangements are not totally destroyed but 

get influenced by the other constituent lipids. For this reason a modification in liquid crystalline 

arrangement is observed with enhanced disorderedness in the modified solid lipid nanoparticle. 

Fig. 8 describes the effect of FA chain length on Tm for the systems with 20 mole% FA. The 

system without any FA was also studied and it was found that the transition temperature (29.02 

°C) was suppressed by FA through the generation of multicrystalline structure. While the Tm 

values did not appreciably change for LA, MA and PA, however, for SA it increased to 30 °C 

(~28 °C for the others). Well organized compact molecular packing due to similarity in 

hydrocarbon chain among TS and SA resulted in the up shift of the melting temperature. 

Significant decrease in the difference between the onset and end set temperature of phase 

transition process (ΔT) for SA comprising systems was noticed whereas for all other systems 

increasing ΔT value indicated enhanced multicrystallinity. No systematic variation in ΔT value 

with FA chain length was observed.   
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Both the ∆H and ∆Cp values decreased with increasing mole% of FA, the effects were more 

prominent with the higher FAs
16

. Small chain FAs have the capability to melt to higher extent, 

hence for those systems, higher amount of thermal energy would be required for phase transition. 

No major change in the thermal behavior of SLN with varying proportion of curcumin (2.5 to 7.5 

µM) was noted, indicating its insignificant effect on the thermal behaviour of SLNs because of 

its location in the interfacial region of SLNs. 

In the present set of work it was found that, stearic acid (SA) comprising SLNs were more 

compact in nature in comparison to the SLNs comprising other fatty acids. The similarity in the 

hydrocarbon chain length between tristearin (TS) and stearic acid (SA) lead to the formation of 

compact molecular packing in SLNs.  Lauric (LA), myristic (MA) and palmitic acid (PA) were 

found to produce SLNs having more multicrystallinity. The structural mismatch between the 

lipid components and the fatty acids was mainly responsible for this phenomenon. The 

observation has the following facets: in case of compact SLN (comprising symmetric 

hydrocarbon entities), enhanced stability are resulted; on the other hand systems with 

dissymmetric components will have not that high stability. However, a stable system is not 

suitable for the loading of different kinds of hydrophobic drugs.  The DSC studies thus could 

help in identifying the optimum formulation as drug delivery systems. 

3.5. Spectroscopic studies 

UV-visible absorption spectra of curcumin were recorded in different solvents as well as 

the same loaded in SLNs (panel A, Fig. 9).  
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Figure 9. Absorption (A) and emission (B) spectra of 5 µM curcumin in different solvents (A1, B1) and SLNs 

(SLC+TS+FA, 2:2:1, M/M/M) (A2, B2) at 25 °C. Systems: 1&9, n-hexane; 2& 10, aqueous 10 mM Tween 60; 3& 

12, acetonitrile; 4 & 11, ethanol;  5 & 13, SA; 6 & 14, PA; 7 & 15, MA and 8 & 16, LA. λex= 419 nm. 

 

Appearance of broad spectra with shoulders on the either side of the maxima (λmax) 

indicate the existence of more than one tautomeric form (keto-enol tautomerism) of curcumin
42

. 

The shoulders were less prominent in solvents of higher polarity
43)

. While a red shift in the λmax 

value with increasing solvent polarity was noticed for aprotic solvents, in case of protic solvents, 

there occurred blue shift in λmax value with increasing solvent polarity (Fig.10)  
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Figure 10. Dependence of the absorption maxima (λmax) of curcumin on dielectric constant (ε) of the medium at 25 

°C. Red and the blue line correspond to the aprotic and protic solvents respectively. Solvents: ●, hexane; ▲, 

chloroform; ■, acetonitrile; ▼, DMSO; ○,  pentanol, ∆, propanol;  □, ethanol and , methanol. 5 µM curcumin was 

used in recording the spectra. 

 

which were in conformity with the earlier observation
43

. In case of SLNs, the λmax values 

appeared at 422 nm. Insignificant change in the λmax values with FA chain length variation 

further suggests the location of curcumin on the palisade layer of the SLNs. A linear variation in 

the absorption maxima of curcumin with dielectric constant of the medium was observed (Fig. 

10). From such profile one can predict the state of polarity of curcumin loaded in SLN
14

. 

Dielectric constant, experienced by curcumin loaded in the SLNs, was found to be ~ 33 (close to 

methanol) when compared to the shift in polar protic solvents. This suggests the localization of 

curcumin in more hydrophilic environment, herein the palisade layer of SLNs
14

. 

Similar to the absorption spectra, a solvent dependent shift in the emission maximum was 

recorded (panel B, Fig. 9)
42

.  
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Figure 11. Variation in the fluorescence anisotropy (r) with time for curcumin loaded SLNs comprising four 

different fatty acids. Fatty acids: O, LA; ∆, MA; □, PA and , SA. The concentration of curcumin was 5 µM. 

Excitation wavelength and emission wavelength were set at 419 and 458 nm respectively. Temperature, 25 °C. 

Unlike the absorption spectra, fluorescence spectra of curcumin loaded SLN were more 

symmetric in nature with the maximum appearing at 487 nm, being independent of FA chain 

length. Emission spectra of curcumin in most of the solvents were unimodal excepting n-hexane 

(structured bands)
44

. No significant difference between the emission spectra of curcumin in 

Tween 60 and in the prepared formulations strengthened the fact that the molecularly dispersed 

curcumin molecules were in contact with continuous medium of the SLNs as they got 

accumulated over the surface. Fluorescence intensity decreased with increasing FA chain length. 

Decrease in fluorescence anisotropy value with time (Fig. 11 clearly indicates desorption of 

curcumin from SLN surface
45-47

. 

3.6.  Curcumin entrapment efficiency (EE) and loading (DL) capacity studies 

EE and DL capacity of the SLNs, with respect to curcumin as the model drug, have 

proportional relationship with the therapeutic efficacy. Results on the EE and DL values have 

been graphically shown in Fig. 12 and Table 2. EE decreased with increasing FA chain length; 

while for LA it was 73.4%, for SA the value went down to 43% (Fig. 12 left panel).  

\ 
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Figure 12. Dependence of entrapment efficiency (EE) and in vitro release profile of curcumin loaded SLN 

(SLC+TS+FA, 2:2:1, M/M/M) on the fatty acid chain length (Cn) at 25 °C. Systems for right panel: ●, control; O, 

LA; ∆, MA; □, PA and , SA. 

\ 

Decrease in the DL value was also noted with increasing FA chain length (table 2). 

Curcumin, being amphiphilic in nature is expected to be located in the SLN surface to higher 

extent than a hydrophobic drug, which resides in the core of SLNs
20

. LA and MA, being more 

fluidic than PA and SA, can exert greater flexibility for which the corresponding SLN can 

accommodate larger number drug molecules. 

3.7.  In vitro release studies of curcumin 

In vitro release of curcumin from the SLNs were studied by dialysis bag method
27

. Parallel 

experiment was performed with curcumin dissolved in aqueous Tween 60 solution as control. 

Obtained release profiles have been graphically presented in the right panel of Fig. 12. SLNs 

sustained the release process of curcumin compared to the diffusion of free curcumin (control, 

dissolved only in 10 mM Tween 60). A biphasic release pattern was obtained; sustained release 

profile followed an initial burst release
20, 22

. Release process of all the systems were studied up to 

100 h. There occurred an initial burst release of 20-25% curcumin within 9-10 h, which was due 

to the weakly adsorbed curcumin. Kinetic parameters, obtained by fitting the curcumin release 

profile in different release models, are shown in table 2. DD Solver 1.0, an Add-In program, was 

used in evaluating the release kinetics parameters. Comparison was made among the pseudo first 

order, zero order, Korsmeyer-Peppas, Higuchi and Weibull model (table 2). Korsmeyer-Peppas 

release kinetic model, the best fit model,
48

 describes the controlled and sustained release of 
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curcumin. Values of the release exponent (n) were also recorded for Korsmeyer-Peppas release 

model which was found to be ≤ 0.5, which indicate that the release of curcumin was subjugated 

by classical Fick diffusion formalism. A decrease in the rate constant was observed with 

increasing FA chain length. Less ordered lipid matrix structure and less organized nature for LA 

and MA resulted in faster elution because of non-systematic binding
20

. PA and SA comprising 

systems restricted desorption of curcumin for its more organized structure and compact 

molecular organization. Due to the more organized nature and compact molecular packing, SA 

comprising SLNs were able to bind curcumin systematically and firmly on the palisade layer of 

SLN. Hence the release of curcumin was sustained in case of SA comprising systems. 
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Table 2 Release kinetics of curcumin from SLN containing different FAs. 

Curcumin 

loaded SLN 

formulations 

containing 

different FA 

First order Zero order Weibull Korsmeyer-Peppas Higuchi Drug 

loading 

capacity 

(%) 

k1/ h
-1

 R
2
 

k0/ mol 

lit
-1

.h
-1

 

R
2
 kw/ h

-1
 R

2
 kk/ h

-n
 R

2
 n 

kh/ h
-

0.5
 

R
2
 

LA 0.014 0.866 0.827 0.677 0.534 0.981 8.736 0.988 0.4 7.101 0.976 0.054 

MA 0.008 0.869 0.557 0.810 0.396 0.955 4.822 0.993 0.5 5.103 0.954 0.046 

PA 0.005 0.736 1.000 0.884 0.512 0.994 4.206 0.992 0.4 3.564 0.989 0.034 

SA 0.004 0.845 0.354 0.781 0.565 0.987 2.669 0.988 0.5 2.830 0.988 0.014 

Concentration of SLN (SLC+TS+FA, 2:2:1): 1 mM, and curcumin: 0.5 µM. 

 

 

 



63 
 

3.8.  Anti-bacterial activity studies 

Curcumin loaded SLNs showed significant antibacterial activities towards Bacillus 

amyloliquefaciens (gram positive, isolated from soil). SLNs without curcumin were non 

responsive. Obtained distinct zone of inhibition (24 h of incubation) for curcumin loaded SLNs 

are shown in Fig. 13.  

 

 

Figure 13. Inhibitory effect of curcumin loaded SLNs (B) on the growth of Bacillus amyloliquefaciens. SLNs 

without curcumin were used as control (A). Panel C represent the activity of curcumin alone using Tween 60 as 

control. Fatty acid chain lengths are mentioned inside the figure. 

 

Nearly 22 - 28% (LA, 22%; MA, 25%; PA, 25% and SA, 28%) of inhibition zone were 

recorded, which were independent of FA chain length. Antibacterial activity was not that 

significant for curcumin in Tween 60, as shown in panel C. Thus, curcumin loaded SLNs could 

be considered as potential antibacterial drug delivery agents. However further studies using other 

pathogenic bacterial strains are required to explore the broad spectrum antibacterial activity of 

such formulations. Besides, some in vivo studies using other human cell lines are also warranted, 

being considered as the future perspectives. It is difficult to correlate the release data with the 

inhibition zone obtained in this approach. For the quantitative correlation between the drug 

release and in vivo studies are warranted and are endeavoring for this kind of study. 
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4. Conclusion 

Langmuir monolayer studies of lipids with and without curcumin were performed to 

understand the interaction between the lipids and the drug. Monolayer studies on the components 

led to conclude that 20 mole% FAs provided optimum stability. Curcumin resulted in the 

expansion of lipid monolayer. SLNs with FAs of different chain length and molar ratio were 

formulated in combination with SLC and TS. Curcumin as a model drug was also assimilated in 

the preparation. SLN formulations were found to be stable up to 45 days. Although the zeta 

potential values were low, however the SLNs were stable due to the combined electrostatic and 

steric stabilization induced by the dissociated FA and the hydrophilic polyoxyethylene moiety of 

Tween 60 respectively. Combined DLS, DSC and spectroscopic investigations confirmed the 

location of curcumin in the palisade layer of SLNs. SA exhibited highest crystallinity in the 

SLNs. Due to the unorganized nature and structural mismatch with TS, LA comprising systems 

exhibited higher drug incorporation and loading capacities as well as faster release of the 

entrapped drug. On the contrary, structural similarity between SA and TS rendered such 

combinations to become more compact in nature for which lower entrapment and slower release 

of curcumin from such systems were recorded. Curcumin loaded SLNs showed antibacterial 

activity. Further information on the crystallinity (by XRD) and in vivo activities are warranted 

towards better appreciation of structure – activity relationship of the SLNs, being considered as 

future perspectives. 
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CHAPTER 2 
 

Physicochemical characterization of chrysin derivative loaded nanostructured lipid 

carriers with special reference to anticancer activity 

Abstract 

Homologs of long chain chrysin derivatives (LCDs, Cn:8-18) were synthesized and 

incorporated into nanostructured lipid carriers (NLC) with an aim to treat human neuroblastoma. 

Mutual miscibility among the NLC components (tripalmitin, cetyl palmitate, oleic acid) and 

chrysin derivatives at the air-water interface were assessed by Langmuir monolayer approach. 

There occurred attractive interactions among the components. Having the maximum extent of 

association the optimum combination for the NLC formulations were found to be 2:2:1 (M/M/M) 

for tristearin : cetyl palmitate: oleic acid respectively. NLC formulations, both in the absence and 

presence of chrysin derivatives, were characterized by combined dynamic light scattering, 

electron microscopy, atomic force microscopy and differential scanning calorimetry. Size and 

zeta potential of the NLC formulations were found in the range 200 – 350 nm and -12 to -18 mV 

respectively. Chrysin and LCDs, when loaded in the NLCs, were further assessed by the 

evaluation of its encapsulation and release kinetics. C18 derivative of chrysin showed maximum 

incorporation, drug loading capacity and sustained release profile. All the drug loaded 

formulations showed potential anticancer activity again human neuroblastoma cell lines 

(SHSY5Y). Superior incorporation efficiency and sustained release profile of LCDs were able to 

enhance their anticancer activity in comparison to pure chrysin, putting them forward as the 

promising agent to combat cancer. 

 

J. Surfac. Deterg. 2018. 21, 421–432. 
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1. Introduction 

To double check the progress in the therapeutic efficacy, development of new drugs alone 

is not sufficient.
1-4

 On the other hand, insufficient bioavailability of the drug substance are very 

challenging issue to encounter the paradigm.
4
 To overcome those problems nanostructured lipid 

carriers (NLC) were introduced at the beginning of 1990.
5-8

 They are also known as the modified 

solid lipid nanoparticles (SLN). These are the nanocolloidal suspension having the size range 10-

1000 nm.
9-11

 The main difference between SLN and NLC: only the symmetric hydrocarbon chain 

containing lipid components are used for the preparation of SLN, unlike the NLC, where two or 

more structurally different lipids (solid and/or liquid) are used. NLCs have superiority over the 

other drug delivery systems like liposomes, nanoemulsion, microemulsion, nanocapsule, 

nanosponge, polymeric nanoparticles, etc.
4, 9-11

 Adequate pharmaceutical loading capacity, 

possibility of specific targeting and sustained release characteristics over the other delivery 

systems make NLC superior. Additionally, NLCs are capable in providing chemical stability and 

steadiness of the incorporated pharmaceutical. Beyond the mentioned advantages, NLC 

formulations suffer from serious limitations.
1, 5-8

 The higher aggregation rate due to ongoing lipid 

modification leads to the stability problem.
9, 10

 So formulation of stable NLC by judiciously 

choosing lipidic components with suitable composition is a challenging task in the area of 

pharmaceutical research. 

Generally, the biocompatible solid lipids, namely wax, phospholipid, monoglycerides, 

diglyceride, triglyceride in combination with fatty acid were mainly used for the preparation of 

NLC.
5-12 However, NLC formulation comprising cetylpalmitate (CP), tripalmitin (TP) and oleic 

acid (OA) as the core lipidic materials have yet not been explored to the best of our knowledge. 

Selection of the suitable lipid component and the fatty acids are not the only criteria for the 

preparation of stable NLC formulations.
9
 Determination of the suitable lipid composition by 

exploring the nature of the interaction among the lipid components and fatty acids are also very 

much warranted. However, the detail investigation among the lipid interaction in formulating 

stable NLC systems is lagging and fragmented in nature.
9
 On the other hand detailed 

physicochemical characterization of NLCs involving the solution phase and thermal stability are 

warranted in developing a stable NLC formulation. 
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Chrysin (5,7-dihydroxy flavone) as a natural flavonoid, generally obtained from several 

wild and edible plants, honey and propoles.
13, 14

 It has various biological activities like anti-

inflammation, anti-oxidant and anticancer activity. Some recent studies have proved that it can 

markedly decrease the malondialdehyde level and elevate antioxidant enzyme activity.
13-20

 But 

lower bioavailability of chrysin is a major issue. Several chrysin loaded NLC formulations were 

developed to overcome the limitation and enhance the activity. But due to its amphiphilic nature 

the loading and the encapsulation efficiency of the chrysin were not satisfactory.
17, 20

 To enhance 

the encapsulation efficiency, people have synthesized chrysin derivatives having long 

hydrocarbon chain to enhance the lipid solubility of the compound and enhanced the 

encapsulation efficiency.
15

 In the present study four long hydrocarbon chain (8, 10, 16 and 18 

carbon atoms) chrysin derivatives have been synthesized. Pure chrysin and its derivatives were 

incorporated in the NLC formulation for a comparative evaluation of effectiveness of chrysin 

derivatives over the parent compound from the view point of drug incorporation, drug loading 

and the sustained release behavior. 

In the present set of study CP, TP and OA have been subjected for the preparation of 

NLC formulation. Before the preparation of the NLC formulation the lipid composition was 

optimized by studying their mutual miscibility and interaction at different composition at the air-

water interface. Langmuir monolayer approach was employed for the study. Also the interfacial 

interaction between the lipid mixture (considered as a pseudo single component) and the chrysin 

derivatives at different proportions were assessed by way of surface pressure – area 

measurements. Aqueous solution of the nonoionic surfactant Tween 60 was used as stabilizer. 

The prepared NLC formulation, in the absence and presence of chrysin (and its derivatives) were 

then subjected for the determination of size, polydispersity index and zeta potential by dynamic 

light scattering technique (DLS). Differential scanning calorimetric studies were employed for 

the evaluation of the thermal properties of the NLC formulations and the determination of the 

thermodynamic parameters, viz., phase transition temperature (Tm), enthalpy change of the phase 

transition (∆H) and the heat capacity changes (∆Cp) as well as the peak width of the chain 

melting at half maximum (∆T1/2). Morphology of the NLCs were studied by transmission 

electron microscopy (TEM), freeze fractured transmission electron microscopy (FF-TEM) and 

atomic force electron microscopy (AFM). Chrysin and the LCDs have been incorporated in the 

optimized NLC formulation and the drug loaded NLC formulations were subjected to the 
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physicochemical characterizations. Chrysin and the LCDs of chrysin loaded formulations were 

also subjected for the determination of entrapment efficiency, drug loading capacity and the 

release kinetic studies. For the evaluation of the biological activity, chrysin as well as the LCD 

loaded formulations were subjected for in vitro cytotoxicity through MTT based assay against 

human neuroblastoma cell lines (SHSY5Y). It is believed that such a combined set of studies 

would eventually help in formulating a suitable drug delivery system in the treatment of cancer. 

2. Materials and method 

2.1. Materials.  

CP, TP, OA and chrysin were purchased from Sigma-Aldrich Chemicals (USA). AR 

grade Tween 60 was procured from Sisco Research Laboratory (SRL), India. All the chemicals 

were obtained as received and stated to be >99.5% pure. HPLC grade solvents and double 

distilled water having specific conductance of 2-4 µS (at 25⁰C) were used in preparing the 

solution. 

2.2. General method for synthesis of chrysin (1) derivatives (2 a-d).  

To a solution of 1 (0.1 g, 93 mM) in 10 ml of anhydrous acetone was added alkyl 

bromide (0.076 g, 0.394mM), and anhydrous  K2CO3 (0.0815g, 59.1mM) followed by refluxing 

for 24 h until the starting material disappeared on TLC. The reaction mixture was filtered and the 

filtrate was dried by distillation. The solid residue was suspended in water and extracted three 

times with ethyl acetate. The mixed ethyl acetate extract was dried over Na2SO4 and 

concentrated under reduced pressure. The residue obtained was purified with silica gel column 

chromatography eluting with petroleum ether-ethyl acetate. 
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Scheme 1. Synthesis of C (7) modified derivatives (LCD‟s) of chrysin. 

 

2.3. Characterization of the derivatives.  

LCDs, after purification were characterized by checking their melting points, solubility. 

Subsequently, the compounds were exposed the FTIR, 
1
H and 

13
C NMR studies. The 

observations are mentioned below: 

2a: Yield 98 %, yellow solid, soluble in CHCl3, molecular weight 366.18 corresponding 

to molecular formula C23H26O4, mp. 105
0
C. IR ( cm

-1
): 3457 (hydroxyl), 1662 (-unsaturated 

carbonyl), 1620, 1590, 816 (aromatic), 2961, 2927, 2856 (C-H). 
1
H NMR (CDCl3, 400 MHz): 

12.70 (1H, s, 5-OH), 7.89 and 7.86 (2H, d, J = 2.8 Hz, C-2′, C-6′), 7.51 (3H, m, C-3′, C-4′, C-

5′), 6.65(1H, s, H-3), 6.65 (1H, d, J = 2.8 Hz, H-6), 6.35 (1H, d, J = 2.8 Hz, H-8), 4.02 (2H, t, J = 

8.8 Hz, -OCH2), 1.30-1.87 (12H, m, 6 × -CH2) and 0.89 (3H, t, J = 9.2 Hz, -CH3);   
13

C NMR 

(CDCl3, 100 MHz):  182.4 (C-4), 165.2 (C-7), 163.9 (C-3), 162 (C-5), 157.8 (C-9), 131.8 (C-

1′), 131.3 (C-4′), 129 (C-3′, C-5′), 126.3 (C-2′, C-6′), 105.8 (C-3), 105.5 (C-10), 98.6 (C-6), 93.0 

(C-8), 68.7 (-OCH2), 22.6 – 31.8 (6 × -CH2) and 14.05 (-CH3). 

2b: Yield 97 %, yellow solid, soluble in CHCl3, molecular weight 394.21 corresponding to 

molecular formula C25H30O4, mp. 90
0
C. IR ( cm

-1
): 3415 (hydroxyl), 1666 (, -unsaturated 

carbonyl), 1624, 1580, 829 (aromatic), 2960, 2919, 2852 (C-H).  
1
H NMR (CDCl3, 400 MHz):  

12.80 (5-OH), 7.89 (2H, C-2′, C-6′), 7.55 (3H, m, C-3′, C-4′, C-5′), 6.68 (1H, s, H-3), 6.47 (1H, 
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brs, H-6), 6.31 (1H, brs, H-8), 3.70 (2H, brs, -OCH2), 0.86-1.56 (16H, m, 8×-CH2) and 0.83 

(3H,m, -CH3);   
13

C NMR (CDCl3, 100 MHz):  182.4 (C-4), 165.2 (C-7), 163.9 (C-3), 162 (C-

5), 157.7 (C-9), 131.8 (C-1′), 131.3 (C-4′), 129 (C-3′, C-5′), 126.3 (C-2′, C-6′), 105.7 (C-3), 

105.5 (C-10), 98.6 (C-6), 93.0 (C-8), 68.7 (-OCH2), 22.6 – 31.9 (8 × -CH2) and 14.06 (-CH3). 

2c: Yield 97 %, yellow solid, soluble in CHCl3, molecular weight 478.30 corresponding to   

molecular formula C31H42O4, mp. 80
0
C. IR ( cm

-1
): 3409 (hydroxyl), 1666 (- unsaturated 

carbonyl), 1615, 1586, 825 (aromatic), 2940, 2918, 2850 (C-H).  
1
H NMR (CDCl3, 400 MHz): 

12.70 (5 - OH), 7.90 (2H, C-2′, C-6′), 7.55 (3H, m, C-3′, C-4′, C-5′), 6.67 (1H, s, H-3), 6.50 

(1H, brs, H-6), 6.36 (1H, brs, H-8), 4.05 (2H, brs, -OCH2), 0.88 - 1.82 (28H, m, 14 × -CH2) and 

0.86 (3H, brs, -CH3);   
13

C NMR (CDCl3, 100 MHz):  182.5 (C-4), 165.2 (C-7), 163.9 (C-3), 

162 (C-5), 157.7 (C-9), 131.8 (C-1′), 131.3 (C-4′), 129 (C-3′, C-5′), 126.3 (C-2′, C-6′), 105.7 (C-

3, C-10), 98.6 (C-6), 93.0 (C-8), 68.7 (-OCH2), 22.6 – 31.9 (14 × -CH2) and 14.06 (-CH3). 

2d: Yield 96 %, yellow solid, soluble in CHCl3, molecular weight 506.33 corresponding to 

molecular formula C33H46O4, mp. 97
0
C.  IR ( cm

-1
): 3453 (hydroxyl), 1662 (- unsaturated 

carbonyl), 1615, 1586, 820 (aromatic), 2919, 2856 (C-H);  
1
H NMR (CDCl3, 400 MHz):  12.70 

(5-OH), 7.90 (2H, C-2′, C-6′), 7.54 (3H, m, C-3′, C-4′, C-5′), 6.67 (1H, s, H-3), 6.50 (1H, d, J= 

2.8 Hz, H-6), 6.36 (1H, d, J = 2.8 Hz, H-8), 4.05 (2H, t, J = 8.8 Hz, -OCH2), 1.26-1.82 (32H, m, 

16 × -CH2) and 0.85 (3H, t, J = 8.8 Hz -CH3);   
13

C NMR (CDCl3, 100 MHz):  182.4 (C-4), 

165.2 (C-7), 163.9 (C-3), 162 (C-5), 157.7 (C-9), 131.8 (C-1′), 131.3 (C-4′), 129 (C-3′, C-5′), 

126.3 (C-2′, C-6′), 105.7 (C-3), 105.5 (C-10), 98.6 (C-6), 93.0 (C-8), 68.7 (-OCH2), 22.6 – 31.9 

(16 × -CH2) and 14.06 (-CH3). 

 

2.4. Preparation of NLC.  

NLCs were prepared using hot homogenization followed by ultrasonication method. The 

detailed of the preparative procedure is available in our recent publications.
9-11

 In the NLC 

formulation, CP and TP was used in equimolar ratio and the mole% of OA was varied from 10 to 

30 mole% with an increment of 10 mole%. The overall concentration of NLC formulations were 

fixed at 1mM. 2 mM aqueous Tween 60 solution was used as the dispersion medium for the 

studied NLC formulation. 20 mole% OA comprising formulations were subjected for the 
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incorporation of chrysin and the synthesized LCDs. The concentration of chrysin and LCD were 

fixed at 10 µM in the present set of study. 

 

 

2.5. Analytical Instruments:  

Surface pressure-area isotherms were recorded on a Langmuir surface balance (Micro 

Trough X, Kibron, Finland), with an initial open trough having area of 137 cm
2
 (232 x 59 mm). 

Monolayer were generated by spreading quantitative volume of 1 mM solution of lipid mixture 

in chloroform-methanol mixed solvent system (3:1) over the surface with a Hamilton (USA) 

micro syringe. The solvent was allowed to evaporate for 20 min after which the monomolecular 

film was compressed at a barrier speed of 5mm min
-1

. Surface pressure area isotherms were 

constructed with a 2 mM aqueous Tween 60 solution as subphase. A dynamic light scattering 

spectrometer, DLS (Nano ZS 90, Malvern, UK) was used for the determination of the 

hydrodynamic diameter, polydispersity index and the zeta potential of the NLC formulations. 

Morphological studies were made using transmission electron microscopy (Hitachi H-600, 

Japan) and the freeze fractured transmission electron microscopy (H-7650, Hitachi Science 

Systems Ltd., Japan). Detailed investigations of the morphology and to get a three dimensional 

overview, samples were also analyzed by atomic force microscopy (Bruker Nanoscope V 

Multimode SPM). All the AFM images were recorded in noncontact mode and the images were 

analyzed further using nanoscope software package. Thermal properties of the NLC formulations 

were also evaluated using differential scanning calorimeter, DSC (Mettler Toledo, Switzerland). 

The scan rate was fixed at 2ºC min
-1

. Aluminum pan having maximum capacity of 40 µL was 

used for the study. Identical pan containing the dispersion medium (2 mM aqueous Tween 60) 

was used as the reference. All obtained thermograms were analyzed using DSC1 Star
e
 software. 

2.6. Entrapment Efficiency and Drug Loading Capacity Studies.  

Method of centrifugation was adopted for the evaluation of the entrapment efficiency and 

corresponding loading capacity. Chrysin and the LCDs loaded NLC formulations were subjected 

for centrifugation for 25 min at a speed of 20,000 rpm at 4ºC to separate the lipid phase 



72 
 

containing drug from the dispersion medium. The supernatant was collected and analyzed 

colorimetrically for the estimation of free drug. The entrapment efficiency and the loading 

capacity was calculated using the following equations:
9-11

 

                                          𝐸𝐸% =  
𝑊𝑡𝑜𝑡𝑎𝑙  𝐶𝐻𝑅 −𝑊𝑓𝑟𝑒𝑒  𝐶𝐻𝑅

𝑊𝑡𝑜𝑡𝑎𝑙  𝐶𝐻𝑅
× 100 %                                               (1) 

𝐷𝐿% =  
𝑊𝑡𝑜𝑡𝑎𝑙  𝐶𝐻𝑅 −𝑊𝑓𝑟𝑒𝑒  𝐶𝐻𝑅

𝑊𝑡𝑜𝑡𝑎𝑙  𝐶𝐻𝑅 −𝑊𝑓𝑟𝑒𝑒  𝐶𝐻𝑅 +𝑊𝑡𝑜𝑡𝑎𝑙  𝑙𝑖𝑝𝑖𝑑
× 100 %                              (2) 

here, Wtotal CHR, WfreeCHR and Wtotal lipid represent the total amount of drug, free drug present in the 

dispersion medium and total amount of lipid in the NLC formulation respectively. 

 

2.7. In vitro Release Kinetics Studies.  

Standard dialysis bag (12kD, Sigma-Aldrich Chemicals, USA) method was adopted for 

the evaluation of release kinetics of incorporated drug.
9-11, 21

 2 mM aqueous Tween 60 solution 

was used as the release medium. 10 mL of the NLC formulation was suspended in 20 mL release 

medium. Sink condition was maintained throughout the experiment. The experiment was 

performed under constant starring at room temperature. The released chrysin and the LCDs were 

quantified colorimetrically. 

 

2.8. In vitro Cell Viability Test.  

Cytotoxicity of chrysin and its derivatives loaded  in NLC formulation on human 

Neuroblastoma (SHSY5Y) cancer cell line, obtained from National Center for Cell Science, 

Pune, India, were determined by MTT assay.
21

 The cells (5 x 10
3
/ well) were plated in 200µL 

Ham‟s F 12 medium per well in 96 well plate, incubated at 5% carbon dioxide incubator for 

24hr. After incubation, 10 µL of the studied NLC formulations were added. The experiments 

were performed with three different drug concentrations. All the measurements were performed 

in triplicate. Blank NLC formulation was used as a control. After treatment, media was replaced 

with MTT solution (10 µL of 5 mg /mL/well) prepared in PBS and incubated further for 3 hr at 

37
o
C in a humidified incubator with 5% CO2. Then 50 µL of isopropanol was added to the each 

well and plates were gently shaken for 1 min and absorbance was taken at 595 nm by micro 

titerplate. The effect of chrysin and the LCD of chrysin loaded NLC formulations on the studied 

cell lines were expressed by calculating the % cytotoxicity using the following equation:
21
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 % 𝑐𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 =  
𝐴𝑏𝑠  𝑓𝑜𝑟  𝑡ℎ𝑒  𝑐𝑜𝑛𝑡𝑟𝑜𝑙  𝑐𝑒𝑙𝑙 −𝐴𝑏𝑠  𝑓𝑜𝑟  𝑡ℎ𝑒  𝑡𝑟𝑒𝑎𝑡𝑒𝑑  𝑐𝑒𝑙𝑙  

𝐴𝑏𝑠  𝑓𝑜𝑟  𝑡ℎ𝑒  𝑐𝑜𝑛𝑡𝑟𝑜𝑙  𝑐𝑒𝑙𝑙
 × 100%                       (3)  

The minimum concentration of the drug required for the 50% inhibition of the treated cell is 

called inhibitory concentration (IC50) value of the drug. IC50 of chrysin and the LCDs of chrysin 

in the NLC formulation were also determined separately. 

3. Results and discussion 

3.1. Langmuir Monolayer Studies.  

Mutual miscibility and interaction of mixed lipidic systems with chrysin/LCDs were 

assessed by Langmuir surface pressure-area measurements. Representative surface pressure-area 

isotherms of LCDs of chrysin in water and 2 mM Tween 60 solution have been presented in the 

panel A of Fig. 2 .The lift off area for chrysin, CHR8, CHR10, CHR16 and CHR18 were 

recorded at 0.64, 0.66, 0.61, 0.66 and 0.63 nm
2
molecule

-1
 respectively in water. In case of Tween 

60 as subphase the observed lift off area for chrysin, CHR8, CHR10, CHR16 and CHR18 

appeared at 0.68, 0..73, 0.71, 0.75 and 0.74 nm
2
molecule

-1
  respectively. The surface pressure 

area isotherm for CP, TP and OA using water and Tween 60 as subphase have been presented in 

the Fig. 1.  

 

 

Figure 1.  Surface pressure (π)- area (A) isotherms of pure lipids using water (panel A) and 2mM aqueous Tween 60 

solution (panel B) as the subphase at 25ºC. Systems: 1 & 4, TS; 2 & 5, OA; 3 & 6, CP. 
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The lift off area for CP, TP and OA were observed at 0.4, 0.63 and 0.5 nm
2
 respectively 

in water. The observation was found in good agreement with the literature.
22, 23

 In case of Tween 

60 solution as subphase, the observed lift off area for CP, TP and OA were 0.42, 0.76 and 0.6 

nm
2
molecule

-1
 respectively. The surface active nature of Tween 60 was mainly responsible for 

the observed increment in the recorded limiting area in all the cases.
9
  

 

 

 

 

Figure 2. Surface pressure (π) – area (A) isotherm of CHR 10 (blue) and CHR 16 (red) using water (dotted line) and 

2 mM aqueous Tween 60 solution (solid line) as subphase (panel A). Panel B represented the π – A isotherms of 

mixed lipidic system (CP+TP+OA, 2:2:1, M/M/M) in absence (black) and presence of 50 mole% CHR 10 (blue) & 

CHR 16 (red) using 2mM aqueous Tween 60 as subphase. Temperature 25 ºC. 

 

 

The surface pressure-area isotherms of the mixed lipidic system (CP+TP+OA) were 

studied by varying the mole% of OA. Equimolar mixture of CP and TP were taken as the 

component 1 and OA was taken as the component 2. 2 mM aqueous Tween 60 solution was 

taken as subphase. For the equimolar mixture of CP+TP, the lift off area was found at 0.6 
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nm
2
molecule

-1
. With the progressive addition of oleic acid there occurred a condensation, 

although in a nonsystematic way,
9
 suggesting associative interaction between the hydrophobic 

part of the lipids. 

Elasticity moduli (Cs
-1

) of the studied monolayers were calculated using the following 

equation:
9, 24-26

 

   𝐶𝑠
−1 =  −𝐴  

𝑑𝜋

𝑑𝐴
 
𝑇
                       (4)    

Some representative Cs
-1 

vs. % compressed area (% A) profile has been presented in the Fig. 3.  

 

 

Figure 3. Variation of elasticity moduli (Cs
-1

) with % compressed area upon addition of 50 mole% different LCDs 

of chrysin on the mixed lipidic system (CP+TP+OA, 2:2:1 M/M/M). 2mM aqueous Tween 60 was used as subphase. 

Different systems have been mentioned inside the figure. 

 

In all the cases, Cs
-1 

was found to pass through maxima (in the range of 41 to 67 mNm
-1

) 

upon compression. The value of Cs
-1 

for the mixtures indicated the presence of liquid expanded 

state of the monolayer.
9, 24

 In case of the 20 mole% OA comprising system was found to show 

the highest value of Cs
-1

. 
9, 24, 25
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In order to evaluate extent of association and miscibility among the components the 

excess area (Aex) and changes in the excess free energy of mixing (ΔGex
0
) values were evaluated. 

The mean molecular area (Aid) can be calculated as:
9, 24-26

 

    𝐴𝑖𝑑 =  𝑥1𝐴1 +  𝑥2𝐴2          (5) 

where, x and A represent the mole fraction and area of pure component. The Aex value was 

calculated as:
9, 24-26

 

     𝐴𝑒𝑥 =  𝐴12 −  𝐴𝑖𝑑                      (6)  

where, A12 signifies experimentally obtained mean molecular area. Excess free energy of mixing 

were calculated using the following expression:
9, 24-26

  

 ∆𝐺𝑒𝑥
0 =   [𝐴 −  𝑥1𝐴1 + 𝑥2𝐴2 ]𝑑𝜋

𝜋

0
           (7) 

The obtained Aex and ΔGex
0
 values, as shown in Fig. 4 were found to be dependent on the mole% 

of OA.  

 

 

Figure 4.Variation of excess molecular area (Aex) and changes in excess free energy (∆Gex
0 ) of the mixed lipidic 

system with the mole% OA (panel A, B) and chrysin, LCDs of chrysin (panel C, D). For panel A, B: Component 1: 

CP+TP (1:1, M/M), Component 2: OA. For panel C, D: Component 1:  CP+TP+OA (2:2:1, M/M/M), Component 2: 

chrysin and LCDs of chrysin. Surface pressure for panel A & B (mNm
-1

): O, 5; ∆, 10; □, 15; , 20; , 25 and , 30. 

Systems for panel C & D: O, CHR; ∆, CHR 8; □, CHR 10; , CHR 16 and , CHR 18. Temperature: 25 °C. 
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Addition of OA caused association among the lipidic components of the mixed lipidic 

system. At 20 mole% OA comprising system, observed minima in the Aex and ΔGex
0 

vs. mole% 

of OA profile, indicated the maximum association and the stability of that lipid composition 

respectively.
9
 Further increase in the mole% of OA reduced the extent of association and 

ultimately showed repulsive type interaction at 80 mole%. The result indicated the maximum 

miscibility of the lipidic components and stability with 20 mole% OA. Hence this composition 

was regarded as the optimum lipid composition for the mixed lipidic system in order to 

formulate NLCs. 

To investigate the nature of interaction between chrysin and synthesized four different 

LCDs of chrysin viz., CHR8, CHR10, CHR16 and CHR18 with the lipid system (CP+TP+OA, 

2:2:1, M/M/M), surface pressure area isotherms were constructed by considering the lipid system 

as the component 1 and chrysin and the LCDs of chrysin as the component 2 separately using 

aqueous Tween 60 solution (2mM) as subphase. Surface pressure area isotherms of the mixed 

lipidic systems in presence LCDs of chrysin were graphically presented in the panel B of Fig. 2 

as representative. In the surface pressure area isotherm no significant change in the limiting area 

was observed in the presence of chrysin and different LCDs of chrysin. Hence, compression 

modulii of the monolayer in the presence of chrysin and LCDs of chrysin were calculated and 

plotted against the % compressed area (Fig. 3) to get information regarding compressible nature 

of the monolayer studied. The magnitude of Cs
-1

 was found to rise with the surface compression 

and obtained a maximum value. The maximum vale for Cs
-1 

was found to lie in the range of 23 to 

65 mNm
-1

. Observed value was an indicative of liquid expanded state.
9, 24

 The obtained 

maximum value of compression modulii was found comparatively higher in case of the 

monolayer in the presence of the LCDs than pure chrysin. The higher value of Cs
-1

 indicated the 

association and the formation of the condensed monolayer.
24

 The hydrocarbon chain present in 

the LCDs provided higher hydrophobic attraction and assisted the formation of condensed 

monolayer. 

To have a quantitative idea regarding the nature interaction and the extent of miscibility 

of chrysin and LCDs of chrysin with the lipid system, Aex and ΔGex
0
 values were calculated and 

plotted against the mole% of chrysin and the LCDs of chrysin and presented in the panel C and 

D of Fig. 4.The Aex and ΔGex
0
 data at 30 mNm

-1
 pressure has been presented as representative. In 
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case of pure chrysin repulsive type interaction was observed with the studied lipid 

system.Obtained positive value for Aex and ΔGex indicated the repulsive type interaction. 

Presence of the hydroxyl group at the 5 and 7 position of chrysin make the molecule amphiphilic 

in nature and restrict the interaction with the hydrophobic part of the lipidic system. Hence, it 

showed repulsive type interactions. In contrast associative type of interaction has been observed 

for the monolayer in the presence of LCDs of chrysin.The obtained negative value of Aex and 

ΔGex
0 

indicated the association. The extent of association was also found to increase 

progressively with increasing the hydrocarbon chain length in the LCDs of chrysin. The 

maximum association was observed for the system containing CHR 18 having the longest 

hydrocarbon chain (C18) among the synthesized LCDs. The enhanced lipophilicity in the 

presence of long hydrocarbon chain enhanced the hydrophobic interaction in the system and 

assisted molecular association.
9 The observed result give a clear indication of the enhanced 

miscibility of the LCDs of chrysin than pure chrysin itself with the lipid system. The repulsive 

interaction of chrysin lead chrysin molecule to reside in the palisade layer of the lipid system. In 

contrast, due to the higher missibility and lipophilic nature, LCDs of chrysin got inserted into the 

lipid system. 

3.2. Dynamic light scattering studies 

The hydrodynamic diameter (dh), polydispersity index (PDI) and zeta potential (Z.P.) are the 

important characteristic of NLC formulations, govern the physicochemical stability and 

biological performance.
5, 6, 9-11

 In the present study mean size of the NLC formulation was found 

to lie in the range of 200 to 350 nm which is in good agreements with the pharmaceutical 

literature.
9-11

 To get information regarding the stability of the NLC formulation, size of the 

studied formulations were recorded with respect to time. The size vs. time profile of some 

representative NLC formulations has been presented in the Fig. 5. The formulations were found 

to stable up to 90 days and during storage no significant change in the dh value for the NLC 

formulations were observed. The stability of the NLC formulations were also indicated from the 

monomodal size distribution of the studied formulations (data not shown). 
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Figure 5. Variation of hydrodynamic diameter, PDI and zeta potential with time for 1 mM NLC formulation 

(CP+TP+OA, 2:2:1, M/M/M) stabilized by 2 mM aqueous Tween 60 solution in the absence and presence of chrysin 

and LCDs of chrysin at 25 ºC. Individual systems are mentioned inside the figure. [Chrysin] & [LCDs of chrysin]: 

10 µM. 

 

In the present study, equimolar mixture of CP and TP were considered as the core lipidic 

material for the NLC formulations and OA was used as FA. The mole% of OA was varied from 

10 mole% to 30 mole% to obtained optimum NLC composition having balanced rigidity and 

fluidity of lipid matrix. The dh value of the NLC formulations were also found dependent upon 

the mole% of OA. With increasing mole% of OA from 10 to 20 mole % a reduction in the dh 

value was observed. But further increase in mole% of OA (30 mole%), increase in dh value was 

observed. The observed reduction in dh value indicated the saturation limit of OA in the NLC 

matrix. The compact molecular arrangement at this composition was the main reason for the 

observed size constriction.
9
 Detected maximum association at this lipid composition for the 

mixed lipidic system in the monolayer experiment was also support the observation. 
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Being the optimum NLC formulation, 20 mole% OA comprising NLC formulations were 

subjected for the incorporation of chrysin and synthesized LCDs of chrysin viz., CHR8. CHR10, 

CHR16 and CHR18. The size of the loaded NLC formulation was found in the range of 300 to 

350 nm. The size of the drug loaded formulations was found higher than the base NLC 

formulation. This observation was the preliminary indication for the incorporation of drug. The 

stability of the chrysin and LCDs of chrysin loaded NLC formulations were also studied by 

recording the size with respect to time and the size vs, time profile of the formulations were 

presented in the Fig. 5. The formulations were also found to stable for 90 days of storage. The 

size of the chrysin and the LCDs of chrysin loaded formulations were compared and it was 

observed that the size of NLC formulations loaded with pure chrysin was higher than the LCD 

loaded NLC formulation. In addition the size of the LCD loaded NLC formulation were found to 

decrease progressively with increasing the hydrocarbon chain length present in the derivative. 

NLC formulation loaded with CHR 18 was found to show least dh. The observation indicated the 

inside penetration of the LCDs of chrysin into the NLC matrix due to the enhanced lipophilicity. 

10, 11
 In addition, the assisted association among the lipidic component in the presence of LCDs 

of chrysin was also responsible for the reduction in the dh value. The enhanced van der Wall 

attraction in the presence of the long hydrocarbon chain of chrysin derivatives was mainly 

responsible for the observed phenomenon.
9
 The size constriction has also been reflected in the 

associative type interaction of the LCDs of chryin with the mixed lipidic systems in the 

monolayer studies. The observation becomes insignificant with the storage time indicated the 

lipidic modification in NLC with time.
9
 

Presence of the two hydroxyl group in the 5 and 7 position of chrysin make the molecule 

amphilic in nature and restrict the inside penetration and formed a shell enriched NLC system. 

The higher size of the pure chrysin loaded formulation was an indicative of the shell enriched 

model. The formation of the shell enriched structure was also justified from the repulsive type 

interaction of pure chrysin and the mixed lipid system in the monolayer studies. 

PDI is a quantitative approach in estimating the homogeneity in the NLC dispersion. The PDI 

value of the studied NLC formulations was found to lie in the range of 0.2 to 0.3. The observed 

value indicated the formation of homogeneous NLC formulations.
1, 5-7

  The incorporation of 

chrysin and the LCDs of chrysin did not influence the PDI value of the formulations. The result 
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signifies that, incorporation of drug did not alter the surface homogeneity of the NLC 

formulations. The stability of the base as well as the drug loaded NLC formulations were also 

monitored by recording the PDI value with respect to the storage time (Fig. 5). In all the cases no 

significant increase of PDI was observed. The observed fluctuation of the PDI value during 

storage indicated the internal lipidic modification.
11

 

Zeta potential is an important parameter in evaluating the stability of the NLC formulation. The 

zeta potential is mainly depend on the potential on the surface of NLC.
11

 In all the cases negative 

value of zeta potential was observed. Z.P. of the studied formulations were found to lie in the 

range of -12 to -18 mV. The observed value of zeta potential indicated the steric stabilization 

assisted by the stabilizer (2 mM aqueous Tween 60) used in the formulation.
9-11

 The Z.P.  vs. 

time profile of the NLC formulations have been presented in the Fig. 5 as representative. The 

Z.P. of the formulations was found to decrease with time. The reduction in the magnitude 

indicated the lipidic modification inside the NLC matrix. In case of 20 mole% OA comprising 

NLC formulation no significant change in the magnitude of Z.P. indicated the lesser lipidic 

modification for this composition. The higher association among the lipidic component and the 

formation of compact molecular arrangement was mainly responsible for the observation. With 

the incorporation of chrysin and LCDs of chrysin a reduction in negative magnitude of Z.P. was 

observed. In case of the pure chrysin loaded formulation, surface accumulation of the 

incorporated chrysin was found to mask the surface charge of NLC formulation and reduced the 

magnitude of Z.P. In case of the LCDs of chrysin, further reduction in negative magnitude of 

Z.P. was observed. In case of the LCDs of chrysin loaded formulations, the increased 

lipophilicity of the LCDs in the presence of long hydrocarbon chain suppress the dissociation of 

OA, which was the major source of the surface potential. CHR 18 having the longest 

hydrocarbon chain among the synthesized derivatives was found to reduce the Z.P. value of the 

NLC formulation to a considerable extent. The zeta potential of the chrysin and the LCDs of 

chrysin loaded formulations were also recorded with respect to time and have been presented in 

Fig. 5. The profile was found almost similar to the base NLC formulations. Here also reduction 

of Z.P. with time indicated the internal structural modification with storage time.
11
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3.3. Morphology of the NLC formulations: 

The morphology of the studied NLC formulations was investigated using transmission electron 

microscopy. Further investigations were carried out using the freeze fractured transmission 

electron microscopic technique. Irrespective of the used methods of investigation spherical 

morphology of the NLC systems with smooth surface was observed. The representative TEM 

and FF-TEM images for base and CHR 16 loaded formulations have been presented in the panel 

A, B and C, D of Fig. 6 respectively.  

 

 

Figure 6. TEM (panel A, B) amd FF-TEM (panel C, D) images for NLC (CP+TP+OA, 2:2:1, M/M/M) formulations 

in the absence (panel A, C) and presence (panel B, D) of chrysin. The scale bars are mentioned inside the figure. 

 

Observed size of the NLC formulations were in good agreement with the previously 

performed DLS data. No significant change in the surface morphology with the incorporation of 

chrysin and the LCDs were observed for the studied formulations.  
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Further investigation on the surface morphology and to get the topological information 

regarding the studied formulations AFM studies were also performed. AFM image of the base 

NLC formulation have been presented in the Fig. 7 as representative.  

 

 

Figure 7. AFM image of NLC (CP+TP+OA, 2:2:1, M/M/M) formulation where panel Aabd B represented the two 

and three dimensionalview respectively. Panel C represented the roughness profile for the NLC formulation. Height 

scale is given inside the figure. Scane area: (1X1) µm. 

 

Panel A and B of the figure represented the two dimensional and the three dimensional 

over view of the NLC. The observed bright spots in the figure represented the NLC. The size of 

the NLCs was also found in good agreement with the DLS, TEM and FF-TEM data. The height 

of the NLCs was found to be in the range of 40 to 45 nm. The observed value was found to be in 

good agreement with the reported data for this type of systems in the literature.
27-29

 The 

roughness of the surface in the studied formulations was also evaluated and presented 

graphically in the panel C of Fig. 7. The observed smooth humps in the graph indicated the 

existence of the smooth surface for the investigated system. No significant change in the surface 

morphology and topology was observed with the incorporation of chrysin and LCDs of chrysin 

in AFM studies. 
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3.4. Differential scanning calorimetric studies: 

To evaluate the extent of the polymorphic nature and to know the extent of crystallinity of the 

NLC formulation, DSC studies were performed. The obtained results have been further 

correlated with the encapsulation parameter, release profile and the physicochemical stability of 

the studied formulations.
9-11, 21, 23, 24

 A representative heating cooling DSC thermogram of the 

NLC formulation have been presented in the Fig. 8. DSC of individual lipids (CP, TP and OA), 

chrysin and the synthesized LCDs of chrysin e.g., CHR8, CHR10, CHR16 and CHR18 have 

been recorded separately. The phase transition temperature of the pure lipidic components was in 

good agreement with the previous reports on the literature.
30-32

 The phase transition temperature 

for chrysin was obtained at 286.07 and 282.8 ºC in the heating and cooling thermograms 

respectively. The phase transition temperature for LCDs of chrysin e.g., CHR8, CHR10, CHR16 

and CHR18 were found to be 100.8, 91.80, 88.50 and 93.83 ºC respectively in the heating 

thermogram. The phase transition temperature in the cooling thermograms was observed 2-3 ºC 

lower than the heating thermogram. The lowering in the phase transition temperature for the 

LCDs of chrysin indicated the development of the liquid crystalline behavior in them.
33-35

 In the 

present study the DSC thermograms of the NLC formulation along with the physical mixture 

were compared (Fig. 8).  
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Figure 8. DSC thermogram of a 5 mM NLC formulation (CP+TP+OA, 2:2:1, M/M/M, stabilized with 2 mM 

aqueous Tween 60 solution). Inset represented the DSC thermogram of the corresponding physical mixture. 

 

A reduction in the Tm value for the NLC formulation was observed in comparison to the physical 

mixture. Reduction in Tm value was mainly due to the enhancement in multicrystallinity and 

reduction in size with simultaneous increase in the surface area, according to the Thomson 

proposition.
9-11

 In case of all the NLC formulation the cooling thermograms were obtained 2-3 

ºC lower temperature than the heating thermogram. The observation indicated the liquid 

crystalline nature of the studied formulations. Similar to the liquid crystalline system, obtained 

cooling thermograms were found to be more prominent in comparison to the heating 

thermograms.
33-35

 For this reason the cooling thermograms were used further for the calculation 

of the thermodynamic parameters.
9 
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Figure 9. Change in the thermodynamic parameters for NLC formulations in the presence of different mole% of OA 

(panelA). Panel B represents the change in the thermodynamic parameters for the NLC (CP+TP+OA, 2:2:1, 

M/M/M) formulation with the incorporation of chrysin and LCDs of chrysin. The systems are mentioned in the 

figure. 

Panel A of Fig. 9 represented the thermodynamic parameters of the NLC formulation 

having three different mole % of OA (10, 20 and 30). The Tm value associated with the cooling 

thermogram of the NLC formulations were observed at 22.3, 23.62 and 21.4 °C respectively for 

10, 20 and 30 mole% OA comprising NLC formulations respectively. The Tm value for the 

system having 20 mole% OA was found higher than the other studied compositions. The 

formation of the compact molecular arrangement enhanced the Tm. With further increment in 

mole% of OA a reduction in Tm value was observed. The enhanced mole% of OA contain 

(beyond 20 mole%) mainly enhanced the disturbance in the crystalline arrangement of the NLC 

matrix by making increasing number of liquid lipid compartments. The result was found further 

correlated with the calculated thermodynamic parameters e.g.,∆H, ∆Cp and ∆T1/2.. The maximum 

value of ∆H and ∆Cp was found in case of 20 mole% OA comprising NLC system. At 30 mole% 

OA comprising system, reduction in the ∆H and ∆Cp, indicated the increased multicrystalline 

nature of NLC. ∆T1/2 of the DSC thermograms with increasing mole% of OA was also 

determined. On going from 10 mole% to 20 mole% OA, observed reduction in the ∆T1/2 value 

indicated the compact molecular arrangement of the NLC formulation having 20 mole% OA. 

This indicated the enhanced crystallinity of the said NLC formulation. Beyond 20 mole%, 
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flattening of the thermograms were observed. The result indicated the reduction in the 

crystalinity of the NLC formulation with increasing OA content beyond 20 mole%. The result 

indicated the 20 mole% OA comprising NLC formulation was the optimum lipid composition for 

NLC. The results were found further correlated with the Langmuir monolayer and dynamic light 

scattering studies. 

To get quantitative idea regarding the crystallinity of the NLC formulations, crystallinity index 

(CI%) of the NLC formulations were also calculated using the following equation
10, 11

 

𝐶𝐼% =  
∆𝐻𝑁𝐿𝐶

∆𝐻𝑙𝑖𝑝𝑖𝑑  𝑚𝑖𝑥𝑡𝑢𝑟𝑒
 × 100%                                                   (8) 

Where ∆HNLC and ∆Hlipidmixture represented the phase transition enthalpy of NLC formulation and 

the corresponding lipid physical mixture respectively. The CI% vs. OA mole % graph has been 

presented in the panel A of Fig. 10.  

 

Figure 10. Crystallinity index (CI%) of the NLC formulations (CP+TP+OA, 2:2:1, M/M/M) in the absence (panel 

A) and the presence (panel B) of chrysin and LCDs of chrysin. The individual systems are mentioned in the figure. 

 

The highest CI% was observed for the system comprised with 20 mole% OA. The result was 

found to be in good agreement with the calculated thermodynamic parameter for the NLC 

formulations comprising different mole% of OA. 

No significant change in the nature of thermograms from the base NLC formulation were 

observed with the incorporation of chrysin and LCDs. DSC thermograms of the lipid physical 

mixture in the presence of chrysin and the LCDs of chrysin were also recorded and no separate 

peak for chrysin and the LCDs were observed. The result indicated the solubility of chrysin and 
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the LCDs of chrysin in the lipid system. Like the base NLC formulations, the cooling 

thermograms were more prominent than the heating thermogram. Hence cooling thermograms 

were used for the evaluations for the thermodynamic parameters. 

It has been observed that with the incorporation of chrysin and the chrysin derivative, an overall 

reduction in the Tm was observed.  The reduction in Tm indicated the enhancement in the 

multricryatallinity in the presence of drug. In case of pure chrysin loaded NLC the Tm was found 

at 21.32 °C. Tm value for CHR8, CHR10, CHR16 and CHR18 loaded NLC formulations were 

observed at 21.11, 22.07, 22.46 and 22.5 °C respectively. Progressive increase in the Tm value 

indicated the enhanced association among the lipidic components in the presence of LCDs of 

chrysin.The obtained maximum value for CHR18 loaded NLC formulation attributed to the 

maximum association. The similarity in the hydrocarbon chain between CHR18 and OA also 

influence the compact molecular arrangement.
9
 Repulsive type interaction of pure chrysin with 

the lipid system made the system unorganized. The reduced phase transition enthalpy of chrysin 

loaded NLC formulations indicated the less associated nature of the system. The amphiphilic 

nature of chrysin was mainly responsible for this. The result indicated the surface accumulation 

of chrysin in NLC formulation. Progressive increment of the phase transition enthalpy and the 

heat capacity value with the increasing hydrocarbon chain length of the chrysin derivatives 

indicated the formation of compact molecular arrangement. The enhanced hydrophobic 

interaction and the van der Wall attraction with the increasing hydrocarbon chain length of the 

derivative assisted the formation of well-organized liquid crystalline system.
9-11

 The results were 

also found with the good agreement with the observed Tm value. In case of chrysin and LCDs of 

chrysin  loaded NLC formulation the CI% were also calculated and presented in the panel B of 

Fig. 10. An increase in the CI% was noted in case of the LCDs of chrysin loaded NLC 

formulations in comparison to the pure chrysin loaded NLC formulation. Progressive 

enhancement in CI% was also noted with increasing the length of hydrocarbon chain 

incorporated in LCD. The observation was not at all unexpected. The enhanced molecular 

association led to the systematic molecular organization in the lipid aggregated systems. 
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3.5. The drug incorporation efficiency (EE%) and the drug loading capacity (DL%) 

studies: 

The drug incorporation efficiency and the drug loading capacity are the important parameter 

from the view point in the development of a successful drug delivery system.
5, 6, 9-12

 In the 

present study, the incorporation efficiency and the loading capacity of the chrysin and the LCDs 

of chrysin viz., CHR8, CHR10, CHR16 and CHR18 loaded NLC formulations were determined 

and presented graphically in the panel A of Fig. 11.  

 

 

Figure 11. Entrapment efficiency (EE%), drug loading (DL%) capacity (panel A) and release profile (panel B) of 

chrysin and different LCDs of chrysin form NLC formulation at 25 ºC . systems (panel B): O, CHR; ∆, CHR 8; □, 

CHR 10; , CHR 16 and , CHR 18. 

 

The drug incorporation efficiency and the drug loading capacity for the pure chrysin in 

the NLC formulation were found to be 59 and 0.52% respectively. But incorporation efficiency 

of LCDs of chrysin was found higher than pure chrysin. The entrapment efficiency for CHR8, 

CHR10, CHR16 and CHR18 loaded NLC formulations were found to be 75, 75.6, 89.2 and 

92.5%respectively. The corresponding drug loading values were 1.15, 1.23, 1.70  and 1.85% 

respectively. The enhanced lipophilicity of the chrysin derivatives leads to the higher 
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incorporation and the drug loading capacity. Progressive enhancement in drug incorporation and 

loading capacity was observed with increasing the length of the hydrocarbon chain on the 

chrysin derivative. The enhanced miscibility and the lipid solubility of the LCDs with increasing 

length of incorporated hydrocarbon chain were mainly responsible for the observed result. The 

higher lipid solubility of the drug, restrict the drug expulsion during the NLC hardening and 

recrystallization during NLC preparation.
11

 Hence, provide better encapsulation parameters. The 

obtained result was found to be in good agreement with the monolayer, DLS and DSC studies 

performed previously on the studied formulations. 

 

3.6. In vitro release studies 

The release profile of chrysin and individual LCDs of chrysin (CHR8, CHR10, CHR16 and 

CHR18) from NLC formulations were studied using 2mM aqueous Tween 60 solution as the 

release medium. The release profile of chrysin and the LCDs of chrysin have been presented 

graphically in the panel B of Fig. 11. The simple diffusion of the chrysin and the LCDs of chryin 

through the dialysis membrane in Tween 60 solution were also presented in the Fig. 12. 

 

Figure 12. Simple difusin of chrysin and LCDs of chrysin in 2 mM aqueous Tween 60 solution through dialysis 

membrane (12KD) at 25 ºC. Systems, ○, CHR, ∆, CHR8; □, CHR10; , CHR16 and , CHR 18.. 10 µM chrysin 

and the LCDs were used for the experiment. 
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 The formulated NLCs were found to sustain the release in comparison to the simple diffusion. 

Chrysin and all synthesized LCDs of chrysin were found to follow almost similar drug release 

profile. In all the cases, an initial burst release (8 to 10 hr) followed by a sustained release was 

obtained. The release of chrysin and the LCDs of chrysin from the NLC formulations were 

monitored for 100 hr. On comparing the release of the chrysin and the LCDs of chrysin, faster 

release was obtained for chrysin and relatively sustained release was observed for synthesized 

LCDs. With increasing the chain length of chrysin derivative, progressive reduction in the 

release rate was noted. The obtained result can be explained on the basis of the mutual 

miscibility and the lipid solubility of chrysin and the LCDs of chrysin. The lesser miscibility and 

relative lesser lipid solubility of chrysin leads to the faster elution of it from NLC formulation. 

The amphiphilic nature of chrysin lead to surface accumulation and promoted faster release. But 

in case of LCDs, enhanced lipid solubility and grater mutual miscibility with the lipidic 

aggregates lead to controlled and sustained release profile. CHR 18 having the longest 

hydrocarbon chain, found to show the slowest release rate. Progressive increase in the 

hydrocarbon chain length enhanced the lipid miscibility and lead to the compact association 

among the components. This leads to sustain the release. The enhanced molecular association 

and the formation of the compact molecular arrangement due to the enhanced van der wall 

attraction and hydrophobic attraction leads to the sustain release profile for the LCDs of chrysin. 

The observed release rate of chrysin and the LCDs of chrysin was also found to correlated with 

the DLS, DSC and the Langmuir monolayer studies. 

The obtained release profile of chrysin and LCDs of chrysin were further subjected for the 

kinetic studies to put light on the release mechanism. The obtained release profiles were fitted 

into four different release model viz., first order, zero order, Korsemeyer-Peppas, Higuchi and 

Weibull with the help of an add in software (DD Solver 1.0).
9-11, 36, 37

 The obtained release 

kinetic data have been presented in the table 1. All the systems were found to follow the 

Korsemeyer-Peppas release formalism (on the basis of observed maximum R
2
 value). The 

calculated release rate according to the Korsemeyer-Peppasformalism for chrysin was found to 

be 15.88 hr
-1

. For LCDs of chrysin the release rates were found to be 10.28, 8.73, 4.52 and 2.07 

hr
-1

 for CHR8, CHR10, CHR16 and CHR18 respectively. The value of release exponent (n) was 

also recorded and the value was found to lie in the range of 0.4 to 0.5. The value indicated 

classical fix release formalism for chrysin and the LCDs of chrysin loaded NLC systems. 
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Table 1. Release kinetics data of chrysin and LCDs of chrysin from NLC (CP+TP+OA, 2:2:1, M/M/M). 

NLC 

formulations 

First order Zero order Weibull Korsemeyer-Peppas Higuchi 

R
2
 kH/ h

-1
 R

2
 kH/ h

-1
 R

2
 kH/ h

-1
 R

2
 n kH/ h

-n
 R

2
 kH/ h

-0.5
 

NLCCHR 0.9449 0.042 0.8206 1.210 0.9854 0.012 0.9859 0.4 15.888 0.9327 10.573 

NLCCHR8 0.9371 0.025 0.8736 1.040 0.9641 0.0007 0.9771 0.4 10.265 0.9585 8.925 

NLCCHR10 0.9656 0.021 0.8927 0.989 0.9621 0.006 0.9775 0.5 8.734 0.9661 8.424 

NLCCHR16 0.9730 0.013 0.9369 0.799 0.9607 0.004 0.9795 0.5 4.521 0.9757 6.662 

NLCCHR18 0.9817 0.010 0.9781 0.698 0.9886 0.003 0.9917 0.4 2.076 0.9761 5.676 

Concentration of NLC (CP+TP+OA, 2:2:1): 1 mM; chrysin and LCDs of chrysin: 10 µM. 
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3.7. Anticancer activity of the chrysin and the LCDs of chrysin loaded NLC 

formulations: 

To gather information regarding the anticancer efficacy of chrysin retained after getting 

incorporated into the NLC formulation and also to know about the effectiveness of the LCDs of 

chrysin loaded NLC formulations in showing anticancer activity, cytotoxicity of the studied 

formulations were determined by measuring the percentage of cell inhibition using MTT assay . 

Human neuroblastoma cell lines (SHSY5Y) were used for the evaluation of the anticancer 

efficacy of the studied formulations.
21

 Percentage of cell inhibition was determined for the 

chrysin and the LCDs of chrysin loaded NLC formulations at three different concentrations (5, 

7.5 and 10 M). This is just the preliminary study regarding the anticancer activity of the studied 

formulations. The percentage of cell inhibition (% cytotoxicity) obtained for different 

formulations at three studied concentrations were presented graphically in Fig. 13.  

 

 

Figure 13. Percentage cytotoxicity at three different concentration of chrysin and LCDs of chrysin loaded in the 

NLC formulation (CP+TP+OA, 2:2:1, M/M/M) against human neuro blastoma cell lines (SHSY5Y). Blank NLC 

formulation is taken as control. The individual systems are mentioned inside the figure. 

 

All the studied formulations were found to show superior citotoxic activity than chrysin and 

LCDs of chrysin alone against the studied cell line (data not shown). Among the studied 

formulations,  cytotoxicity was found higher for LCDs of chrysin loaded NLC formulations. 
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Cytotoxicity of the studied formulations were found to be concentration dependent. With 

enhancing the concentration of chrysin and LCDs of chrysin in the NLC formulation, increment 

in cell inhibition percentage was detected. The calculated IC50 value for chrysin and the LCDs of 

chrysin viz., CHR8, CHR10, CHR16 and CHR18 loaded in the NLC formulations were found to 

be 7.78, 6.51, 6.19, 5.83 and 5.58 µM respectively. Hence, presence of long hydrocarbon chain 

in chrysin enhanced the cytotoxic effect when loaded in the NLC formulation. Further studies 

with different cancer cell lines and in vivo evaluation of the anticancer efficacy of chrysin and 

LCDs of chrysin loaded NLC formulations are warranted for the detailed evaluation of them as 

anticancer drug delivery systems.  

4. Conclusion 

 To sum up, Chrysin and LCDs of chrysin were successfully incorporated in NLC formulation 

comprising CP, TP and OA having the molar ratio of  2:2:1 using a hot homogenization followed 

by ultrasonication  method. The monolayer studies were successfully employed to evaluate the 

interaction among the lipid components and to obtain the accurate lipid composition for the 

NLC. The nature of interaction between the lipid system, chrysin and LCDs of chrysin were also 

investigated by monolayer approach. The amphiphilic nature of pure chrysin lead to the repulsive 

type interaction with the lipid system where as the LCDs showed the associative type interaction 

and the extent of association was found to increase with increasing hydrocarbon chain length of 

chrysin derivatives. Base as well as chrysin and LCDs of chrysin loaded NLC formulations were 

characterized using DLS, DSC, TEM, FF-TEM and AFM studies, All the studies indicated the 

20 mole% OA comprising NLC formulations was the optimum one and also confirmed the inside 

penetration of  LCDs of chrysin and surface accumulation of pure chrysin in the studied NLC 

formulation.  The incorporation efficacy of the LCDs of chrysin was found to be higher than the 

pure chrysin. CHR 18 showed the maximum drug incorporation and the drug loading capacity.  

In vitro release showed that LCDs of chrysin exhibited more sustained release than the pure 

chrysin from NLC. The higher lipophilicity and the grater association of the LCDs with NLC 

lead to sustain release profile. Progressive enhancement in hydrocarbon chain in chrysin 

derivative lead to progressive reduction in observed release rate. Chrysin and the LCDs of 

chrysin loaded formulations were also subjected for the anticancer activity against human 

neuroblastoma (SHSY5Y) cell lines. It was observed that LCDs loaded formulations were 
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equally capable of showing cytotoxicity like the chrysin loaded NLC formulations. Promising 

cytotoxicity against cancer cell line, higher drug loading capacity and the sustain release made 

the LCDs more promising than the pure chrysin in case of NLC based delivery systems. With 

respect to these observations, it can be concluded that LCDs of chrysin loaded NLC formulations 

are advantageous alternate of pure chrysin loaded NLC formulation for the development of 

promising anticancer drug delivery agent. 
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CHAPTER 3 

 

Use of ion pair amphiphile as an alternative of natural phospholipids in enhancing the 

stability and anticancer activity of oleanolic acid loaded nanostructured lipid carriers.

 

Abstract  

In the present study, NLC comprised of soy lecithin (SLC), tristearin (TS) and Palmitic acid 

(PA) was modified (NLCIPA) by replacing the conventional phospholipid, SLC by synthetic ion 

pair amphiphile (IPA) prepared by mixing equimolar aqueous solution of SDS and CTAB. Hot 

homogenization followed by ultrasonication method was employed for the preparation of NLC 

and NLCIPA. Suitable SLC / IPA ratios for NLCIPA were obtained by studding the interfacial 

behavior of the lipidic components and IPA using Langmuir monolayer approach at air water 

interface. Systems with SLC/IPA ratio equal to 40 ; 60, 30 : 70 and 20 : 80 were considered for 

the NLCIPA from the interfacial behavior. The prepared NLCIPA were characterized by dynamic 

light scattering (DLS), differential scanning calorimetry (DSC), TEM, FF-TEM and AFM. 

NLCIPA with SLC/IPA ratio 30 : 70 was found to be the optimum.  Oleanolic acid (OLA) was 

used as drug in the present study. The OLA loaded formulations were also characterized by the 

above mentioned methods. The interfacial, solution phase and thermal behavior of the OLA 

loaded systems indicated the accumulation of OLA on the palisade layer. The drug incorporation 

efficiency (EE%) and the drug loading (DL%) were found to be higher for NLCIPA than 

conventional NLC. The release of the OLA was also found to get sustained in NLCIPA. The OLA 

loaded NLCIPA were subjected for the cytotoxicity study using MTT assay on Hepatocellular 

carcinoma (HepG2), hepatocyte-derived carcinoma (Huh-7) and colorectal carcinoma (HCT-

116) cancer cell lines. The activity of OLA was found to enhance in NLCIPA in comparison to the 

conventional NLC. 
 

Colloids Surf., A: 2018, 545, 147–156. 
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1. Introduction: 

 Development in the Particulate drug carrier systems put forward a great promise in 

improving the therapeutic efficacy and performance of the drugs. 
1-3

  Among several drug carrier 

systems nano structured lipid carriers (NLC) have taken the spot light in recent time on the field 

of drug delivery. 
4-7

 NLCs were found to be very advantageous in comparison to the 

conventional delivery systems like liposomes, emulsions, polymeric nanoparticles etc. 
1, 4-6, 8-10

 

NLCs are the modified form of solid lipid nano particle having two or more structurally different 

lipid molecules. They are a relatively new class of drug carrier having submicron size (50 to 

1000 nm) prepared from lipids that remain solid or liquid at room and body temperature. 
11, 12

 

NLCs are conveniently prepared using a wide variety of lipids including fatty acids, mono, di or 

triglycerides, glyceride mixtures or waxes, and stabilized by the biocompatible surfactant(s) 

mostly non-ionic surfactant. 11, 12
 Relatively higher drug incorporation efficacy, sustained drug 

release capacity make NLCs are superior from previously developed formulations. 7, 8
 But 

stability during storage and ongoing lipid modification make the present situation challenging for 

the development of physicochemicaly stable NLC formulations,  

 The stability of the NLC formulations were mainly depends upon the lipid composition 

and the compatibility among the lipid component.  It was previously reported that the stability of 

the vasicular systems can be improved using synthetic ion pair amphiphile by partially replacing 

the conventional phospholipid, SLC. 13
 In the present study an attempt was taken to improve the 

stability as well as the biological activity of NLC by extending the previous concept. Till today 

no systematic attempt has been made in enhancing the stability of the NLC formulations by 

replacing SLC with IPA to the best of our knowledge. In the present study a well stabilized 

conventional NLC system comprising SLC, TS and PA having molar ration 2:2:1 has been taken 

and SL C was progressively replaced by IPA. The IPA was synthesized by mixing equimolar 

aqueous solution of single chain mixed cationic and anionic surfactants. 13
 In the present work 

SDS and CTAB were used as the anionic amd cationic surfactant respectively.  

 Oleanolic acid (3bhydroxy- olea-12-en-28-oic acid)  is a naturally occurring pentacyclic 

triterpenoid compound. 14-16
 It is mainly extracted from leaves and roots of Olea europaea, 

Viscum album L., Aralia chinensis L. etc., 120 different plant species. 14-16
 OLA shows many 

biological activities such as anti-inflammatory, antitumor, antiviral, hepatoprotective, anti-

hyperlipidemic effects, anti cancer activity and has been worn in traditional Chinese medicine in 
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the treatment of  liver disorders. 
14-19

 However poor aqueous solubility and low bioavailability of 

OLA make it necessary to develop suitable formulations for its pharmaceutical applications. 

Several attempts has been made in formulating OLA loaded SLN to improve biodistribution and 

activity. 
14-16, 18, 19

 But no comprehensive attempts has been made to develop OLA loaded NLC in 

presence of IPA as the substitute of conventional phospholipid to the best of our knowledge.  

 In the present set of work, NLC comprised of SLC, TS and PA with molar ratio 2 : 2 : 1 

has been taken and the conventional phospholipid SLC, was progressively replaced by IPA and 

IPA modified NLC (NLCIPA) were prepared. Before preparing the NLCIPA, the lipid composition 

was tuned by considering miscibility and mutual interaction among the lipid components in the 

presence of IPA at the air water interface by Langmuir monolayer approach. By studying the 

mutual miscibility the lipid composition of the NLCIPA formulations were fixed. The prepared 

conventional NLC and NLCIPA were characterized using DLS and DSC to get idea regarding the 

solution behavior like  hydrodynamic diameter (dh), polydispersity index (PDI) and zeta potential 

(Z.P.) and the thermal behavior respectively. The solution behavior and the thermal properties of 

the OLA loaded conventional NLC and NLCIPA were also studied like the base formulations. The 

morphology of the conventional NLC and NLCIPA in the absence and presence of OLA were also 

evaluated using conventional TEM and FF-TEM. Surface roughness of the studied formulations 

was also analyzed by AFM and corresponding surface roughness were also evaluated. In addition 

to this the drug incorporation efficiency (EE%), drug loading capacity (DL%) and the drug 

release kinetics of the OLA loaded conventional NLC and NLCIPA formulations were evaluated 

and compared to obtain idea regarding the effect of IPA on the performance of NLCIPA as 

delivery system for OLA.  The OLA loaded NLC formulations were also subjected for anti 

cancer activity studies using human GIT cancer cell lines. Hepatocellular carcinoma (HepG2), 

hepatocyte-derived carcinoma (Huh-7) and colorectal carcinoma (HCT-116) cell lines were used. 

The cytotoxic effect on GIT cancer cells of OLA loaded conventional NLC and NLCIPA were 

compared to get idea on the efficiency of NLCIPA over conventional NLC 

2. Materials and method 

2.1.  Materials 

Soybean lecithin (SLC), tristearine (TS) palmatic acid (PA) and oleionic acid (OLA) 

were purchased from Sigma-Aldrich Chemicals (USA). Tween 60, SDS and CTAB were 

purchased from Sisco Research Laboratory (SRL), India.. All other chemicals and solvents of 
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analytical grade were used. Hepatocellular carcinoma (HepG2), hepatocyte-derived 

carcinoma (Huh-7) and colorectal carcinoma (HCT-116) cell lines were collected from National 

Facility for Animal Tissue and Cell Culture, Pune, India. Double distilled water having specific 

conductance of 2 mS at 25 ºC was used throughout the study.  

2.2.  Preparation of IPA 

IPA was prepared by mixing equal volume of 0.1 M aqueous solution of HTMAB and 

SDS. The equimolar amount of HTMAB and SDS neutralized their charge and a semisolid white 

precipitate was found to appear (IPA). The mixture was then stirred and stored for overnight to 

ensure complete precipitation. IPA was then extracted from aqueous medium using a separating 

fulel using chloroform as organic phase. After that chloroform was removed by evapouration 

under vacuam and the obtained white solid powdery IPA was subjected for characterization by 

means of XRD, 1H NMR and FT-IR studies. The results were found in accordance with our 

previously published results. Hence, the detailed characterizations were not mentioned here. 13, 20
 

2.3.  Preparation of NLC 

The NLC formulations were prepared using hot homogenization followed by 

ultrasonication technique. The detailed preparative procedure can be found in our recent 

publications. 11, 12, 21
 In the present study conventional NLC was prepared by SLC, TS and PA 

and they were used in the molar ratio 2 : 2 : 1. NLCIPA was prepared by partially replacing SLC 

by IPA. In other word, the conventional phospholipid SLC was used in combination with IPA in 

different ratio along with other lipid components, keeping the overall molar ratio fixed. The 

concentration of the conventional NLC and NLCIPA formulations were kept fixed at 1 mM.. In 

case of drug loaded formulation OLA was added with the lipid physical mixture during the lipid 

melting process during  the preparation of NLC. In this present study, the concentration of OLA 

was 10 µM.  

2.4.  Analytical instrumentation 

A langmuir trough (Micro Trough X, Kibron, Finland) was used to find the optimum 

SLC/IPA ratio fot the NLCIPA composition and to get idea regarding their molecular interaction. 

Size, zeta potential and PDI of the NLC formulations were determined using a dynamic light 
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scattering instrument (Zetasizer Nano ZS90 ZEN3690, Malvern Instruments Ltd., U.K.). 

Conventional TEM (Hitachi H-600, Japan), FFTEM (FR-7000A, Hitachi High Technologies 

Ltd., Japan) and AFM (Bruker Nanoscope V Multimode SPM) were used for the morphological 

analysis. Differential scanning calorimeter (Mettler Toledo, Switzerland) was used for the 

thermal analysis of NLC formulation. DSC1  STAR
e
 software was used for the analysis of the 

thermal data.   

2.5.  Drug loading and drug incorporation efficiency 

The incorporation efficiency and the loading capacity OA in the conventional NLC and 

NLCIPA were studied using the method of centrifugation. 
11, 12, 21

 The OLA loaded formulations 

were centrifuge at 15000 rpm for 15 min at 4 ºC temperature. The collected supernatant of the 

samples were analyzed colorimetricaly to determine the amount of the incorporated OLA. The 

EE% and DL% of the studied conventional NLC and NLCIPA were determine using the 

following equations
11, 12, 21

 

𝐸𝐸% =  
𝑊𝑙𝑜𝑎𝑑𝑒𝑑  𝑂𝐿𝐴

𝑊𝑡𝑜𝑡𝑎𝑙  𝑂𝐴
 × 100 % 

𝐷𝐿% =  
𝑊𝑙𝑜𝑎𝑑𝑒𝑑  𝑂𝐿𝐴

𝑊𝑙𝑖𝑝𝑖𝑑
 × 100 % 

Wtotal OLA, Wlipid and Wloaded OLA were the weight of total OLA added in NLC, weight of lipids 

used in  NLC and weight of OLA entrapped into NLC, respectively. 

2.6.  In vitro release of OLA 

The in-vitro release of OLA was examined by the dialysis bag method. 11, 20
 In brief, 

OLA loaded NLC was taken in the dialysis bag and the dialysis bag was placed into 20 mL of 

dispersion medium with 15% ethanol and stirred at 100 rpm on a magnetic stirrer at 25 °C. 1 mL 

of dispersion medium was withdrawn and fresh release medium of equal volume was added 

immediately to maintain the volume (20 mL) constant at the predetermined intervals. The 

released OLA was assayed colorimetricaly. The experiment was performed in triplicate. 
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2.7.  In vitro cytotoxicity study 

Studied GIT cancer cells (1x10
5
) were taken in 96-well plates and kept under CO2 

atmosphere for 24 hr before experiment. The cells were treated with conventional NLC and 

NLCIPA having different OLA concentrations (2.5, 5, 7.5, and 10 µM) for 24, 48 or 72 hr in a 

humidified atmosphere having 5% CO2 at 37 °C. In the present set of work untreated cells were 

used as control. MTT assay was used to measure the percentage of cell inhibition. The 

measurements were performed by recording the absorbance of the experimental solution at a 

specific wavelength (HepG2, Huh-7 and HCT-116 at 540 nm) using a microplate manager 

(Reader type: Model 680 XR Bio-Rad laboratories lnc.).
 
IC50 values for all the cell lines were 

also calculated for 24, 48 and 72 hrs. 

3. Results and discussion 

3.1.  Langmuir monolayer studies 

To investigate the interfacial behavior of the monomolecular film of the mixed lipidic 

systems (SLC/IPA+TS+PA, 2:2:1, M/M/M), ᴫ -A isotherms were constructed using Langmuir 

monolayer approach at the air water interface. The main aim of the study was to tune the lipidic 

composition in terms of SLC/IPA ratio for the preparation of IPA modified NLC (NLCIPA). In 

the present study conventional phospholipid (SLC), of the mixed lipidic system was 

progressively substituted by synthetic ion pair amphiphile (IPA) and ᴫ -A/isotherms of the mixed 

lipid systems having different SLC/IPA ratio were constructed. In addition to this, the 

interactions of OLA with the mixed lipidic system were also analyzed at the air water interface. 

Some representative isotherms of the mixed lipidic systems in the absence and presence of IPA 

have been presented in the Fig. 2. Whereas, ᴫ -A isotherms of the pure components were 

presented graphically in the Fig. 1. Lift off area of SLC, TS, PA, IPA and OLA were found at 

0.1, 0.6, 0.23, 0.11 and 0.57 nm
2
 respectively.  
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Figure 1. Surface pressure (π) – area (A) isotherm of pure lipidic components and OA using water as subphase at 

25 °C. The different systems were mentioned in the figure. 

 

The obtained data were found to be in good agreement with the previous reports. 12, 13
 In 

case of the mixed lipidic systems, a smooth progression of the isotherms were observed with the 

surface compression. 

 

 

 

Figure 2. Surface pressure (π) – area (A) isotherm of mixed lipidic system (SLC/IPA+TS+PA, 2:2:1, M/M/M) in 

the absence (red) and presence (black) of IPA using water as subphase. Corresponding Cs
-1

 vs. % compressed area 

has been presented in the inset of the Figure. Temperature 25 ºC 
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The observed smooth progression indicated the compatibility of the lipid components and 

IPA in the mixed lipidic system. 
13

 The lift off area for the mixed lipidic systems in the absence 

of IPA was found at 0.52 nm
2
.  Significant down shift in the lift off area was noted when IPA 

was used in combination with the conventional phospholipid SLC in the mixed lipidic system 

keeping the overall molar ratio intake. System having SLC/IPA ratio equal to 30:70 was found to 

show the lift off area at 0.38 nm
2
. Reduction in the lift off area indicated the condensing effect of 

IPA over the other lipid components of the mixed lipidic systems. The condensing effect of IPA 

was found to be analogous to the condensing effect of cholesterol. The enhanced van der waal 

force of attraction and increased hydrophobic interaction in the presence of IPA was mainly 

responsible for the observed behavior of the monolayer in the presence of IPA. 

Further information regarding the rigidity / fluidity and the monolayer mechanical 

property were also investigated by calculating the compressibility moduli (Cs
-1

) of the mixed 

lipidic monolayer. Cs
-1

 of the studied isotherms were calculated using the following equation. 12, 

13
 

𝐶𝑠
−1 =  −𝐴  

𝑑𝜋

𝑑𝐴
  

 The calculated Cs
-1

 were plotted against % of compressed area and some representative profiles 

have been given in the inset of Fig 1. In the absence of IPA, maximum Cs
-1

 was found at 28.2 

mNm
-1

. With the addition of IPA, reduction in Cs
-1

 also confirmed the enhanced association 

among the lipidic components in the presence of IPA. 13
 The lowest value of Cs

-1
 (26.3 mNm

-1
) 

was observed for the lipid system having SLC/IPA ratio of 30:70 indicated maximum association 

and considered as the optimum SLC/IPA ratio for the mixed lipidic systems.  

To gather further quantitative information regarding the interaction among lipidic 

components and the stability of the mixed lipidic system, excess surface area and the excess free 

energy of the lipid monolayer were calculated at different surface pressures. The excess surface 

area was calculated using the following equation
12, 13

 

𝐴𝑒𝑥 =  𝐴12  − 𝐴𝑖𝑑  

Where A12 is the experimentally obtained surface area and Aid is the ideal surface area. The ideal 

surface area was calculated using the following equation
12, 13
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𝐴𝑖𝑑 =  𝐴1𝑥1  −  𝐴2𝑥2 

 

Where x1, x2 and A1, A2 represented the mole fraction and surface area of the lipid component 1 

and 2 respectively. In the present study SLC was considered as the component 1 and IPA was 

taken as the component 2 keeping the overall molar ratio of all the lipidic component unchanged 

(SPC?IPA+TS+PA, 2:2:1, M/M/M). The calculated Aex values were plotted against the mole 

fraction of IPA and presented in the panel A of Fig. 3.  

0 

Figure 3. Variation in Aex (panel A & C) and ∆Gex
0  (panel B & D) of the mixed lipidic system with mole %  of IPA 

(panel A, B) and OLA (panel C, D). For panel A, B: Component 1: SLC & Component 2: IPA. For panel C, D: 

Component 1:  SLC/IPA (30:70)+TS+PA (2:2:1, M/M/M) & Component 2: OLA. Surface pressures (mNm
-1

): O, 5; 

∆, 10; □, 15; , 20; , 25 and , 30. Temperature: 25 °C. 
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In case of the studied mixed lipidic systems, negative deviations in Aex value was 

observed with the increasing proportion of IPA. The maximum negative deviation from ideality 

was observed for the mixed lipidic system having the SLC/IPA ratio equal to 30:70. The 

observed negative deviation indicated the enhanced associative interaction among the lipidic 

components. The observed maximum negative deviation at the SLC/IPA ratio 30:70 indicated 

the optimum SLC/IPA ratio for the preparation of the stable composition. 

The stability of the mixed lipidic systems were also investigated by calculating the excess 

free energy of the mixed lipidic systems. The excess free energy of the monomolecular layer 

were calculated using the following equation
12, 13

 

∆𝐺𝑒𝑥
0 =    𝐴 −  𝐴1𝑥1 + 𝐴2𝑥2  𝑑𝜋

𝜋

0

 

The ∆Gex values were also plotted against the mole fraction of IPA and presented graphically in 

the panel B of Fig.3. Similar to Aex, negative deviations were also observed for the ∆Gex with the 

increasing proportion of IPA in the mixed lipidic system. The negative deviation also indicated 

greater stability of the mixed lipidic system in the presence of IPA. The observed maximum 

negative deviation was observed for the mixed lipidic system having the SLC/IPA ratio equal to 

30:70. The obtained maximum negative deviation indicated the additional stability of the mixed 

lipidic system witb SLC/IPA ratio equal to 30: 70. 12
 

Being optimum, the mixed lipidic system (SLC/IPA+TS+PA, 2:2:1, M/M/M) having 

SLC/ IPA ratio 30: 70 was considered for further study in evaluating the extent of miscibility of 

OLA with this lipid system. In this case the base lipidic system was taken as the component 1 

and OLA was considered as component 2. No significant variation in the nature of π – A 

isotherms from the base lipidic system were observed in the presence of OLA. No significant 

variations in the lift off area were observed for the mixed lipidic systems in the presence of OLA. 

The observations signified that OLA was not interacting with the hydrophobic part of base lipid 

system and convey a preliminary idea regarding the location of OLA in the palisade layer of the 

mixed lipidic system. The calculated Cs
-1 

values of the mixed lipidic systems in the presence of 

OLA were found very close to the base lipidic system. No significant variation in Cs
-1

indicated 

the insignificant interaction of OLA with the hydrophobic part and confirmed the accumulation 
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of OLA in the palisade layer of the mixed lipidic system. To collect further information 

regarding the nature of drug lipid interaction, Aex and ∆Gexvalues were also calculated and 

plotted against mole % of OLA (panel C and D of Fig. 3 respectively). Observed positive 

deviation in both Aex and ∆Gex indicated the repulsive type interaction of OLA with the lipid 

system. 
12

 The amphiphilic nature of OLA was mainly responsible for the observed repulsive 

interaction. The observed positive deviation in Aex and ∆Gex confirmed the accumulation of OLA 

in the palisade layer of the mixed lipidic system. 

3.2.  Dynamic light scattering studies 

Size of the NLC formulations govern the stability during storage and inter cellular 

activity. 1, 2, 8
 In the present study the conventional phospholipid (SLC) of the NLC formulations 

were partially substituted with IPA. In other word, SLC was used in combination with suitable 

amount of IPA in the preparation of NLCIPA. Considering the extent of miscibility obtained from 

Langmuir monolayer study, systems with SLC/IPA ratio of 40 : 60, 30 : 70 and 20 : 80 were 

considered for the preparation of NLCIPA. The size of the NLCIPA formulations containing 

different ratio of SLC/ IPA and conventional NLC without having IPA were monitored with 

respect to time and compared. All the formulations were found to stable for 90 days of storage as 

no significant change in the size of the NLC formulations were noted during this time period. 

The size vs. time profile  of the NLC and NLCIPA having different SLC/IPA ratio have been 

presented in the panel A of Fig. 4.   
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Figure 4. Variation in size (dh), PDI and zeta potential (Z.P.) with time for 1 mM NLCIPA (SLC/IPA+TS+PA, 2:2:1, 

M/M/M) stabilized by 2 mM aqueous Tween 60 solution in the absence (panel A) and presence (panel B) of OLA at 

25 ºC. SLC/IPA ratios for different systems have been mentioned inside the figure. [OLA]: 10 µM. 

 

 

The size of NLC without having IPA was found in the range 250 to 258 nm. But in the 

presence of IPA the size of the NLCs were found in the range of 139 to 150 nm. The observed 

significant reduction in the size with the addition of IPA, indicated the mutual association among 

the lipidic components in the presence of IPA. 13, 20
 The association assisted by IPA was also 

supported by the langmuir monolayer studies. NLCIPA having SLC/IPA ratio equal to 30 : 70 was 

found to show the maximum reduction in size. Further enhancement in the IPA proportion has 

not shown any significant variation in the size of NLCIPA. Hence, SLC/IPA ratio 30 : 70 was 

considered as the optimum and provide the maximum stability to the NLCIPA system. Being 

optimum NLCIPA system having SLC/IPA ratio 30 : 70 was subjected for the incorporation of 

OLA.  The size vs. time profile of the OLA loaded conventional NLC and NLCIPA have been 

presented in the panel B of the Fig. 4. The size of the OLA loaded formulations were found in 

the range of 260 to 265 nm and 140 to 160 nm for conventional NLC and NLCIPA respectively. 

In all the case, an overall enhancement in size was observed with the incorporation of OLA. The 

significant enhancement in the size of the drug loaded NLCIPA indicated the accumulation of 
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OLA in the palisade layer. 
12

 The drug loaded formulations were also found to stable for 90 day 

as no significant change in size was observed during the storage time. 

 PDI of the studied formulations were also monitored with respect to time and the PDI vs. 

time profiles have been presented in the Fig. 4. Observed PDI for the studied systems were found 

in the range of 0.3 to 0.5. The obtained value of PDI indicated the formation of the stable and 

homogeneous dispersion. 
1, 4, 6, 11

 PDI for the NLCIPA were found to be lower than the 

conventional NLC formulations. The lowering in the PDI also indicated the formation of 

compact molecular association among the lipidic components in the presence of IPA. 
20

 The 

NLCIPA having the SLC/IPA ratio 30 : 70 was found to show the lowest PDI among other studied 

formulations. Observed minimum PDI also confirmed the additional stability of the system due 

to the maximum association among the lipidic constituents in the presence of IPA at this specific 

composition. PDI of the OLA loaded formulations were also monitored with respect to time and 

no significant variation in PDI vs. time profile was noted. But enhancement in the PDI was 

observed for the OLA loaded NLC as well as the NLCIPA systems. The enhancement in PDI also 

supports the accumulation of OLA on the palisade layer of the NLC and NLCIPA. 
12, 21

 The 

accumulation of OLA in the palisade layer disturbed the surface homogeneity and hence 

enhancement in the PDI was observed.. The obtained result clearly indicated the formation of the 

shell enriched type NLC and  NLCIPA. 
12

 

Z.P. is a direct indication of the stability of the nanocolloidal formulations because it 

regulates the flocculation and the coagulation rate of the lipid based drug delivery formulations. 

3-7
Z.P. of the studied formulations were also recorded with respect to time and presented 

graphically in the Fig. 4. Z.P. value for the studied conventional NLC was found in the range of -

10 to -12mV. But the Z.P. for the NLCIPA were found in the range of  -5 to -9 mV. Observed 

reduction in the negative magnitude of Z.P. in the presence of IPA can be explained on the basis 

of the dissociation of IPA molecule on the surface of the NLCIPA. The dissociation of the IPA 

resulted into the formation of the DS
-
  and HTMA

+
 ion. DS

-
 ions got disperse into the dispersion 

medium and the presence of the HTMA
+
 ion on the surface was mainly responsible for the 

reduction in Z.P. 13, 20
 With increasing IPA proportion a progressive reduction in the negative 

magnitude of Z.P. was observed. No significant variation in the Z.P. with storage time also 

indicated the stability of the studied formulations. 21
  In case of OA loaded NLC and NLCIPA, 
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Z.P. were found to lie in the range of -9 to -9.5 mV and -4 to -8 mV respectively. Further 

reduction in the Z.P. in the presence of OLA also indicated the accumulation of it in the palisade 

layer of the studied formulations. 
12

 The adsorbed OLA on the palisade layer masked the NLC 

and NLCIPA surface and reduced the Z.P. value. The observation also confirmed the formation of 

the shell enriched NLCIPA. 

3.3.  Morphological studies  

In the present set of work the morphology of the studied NLC and NLCIPAwere evaluated 

using conventional TEM and FF-TEM technique. Further detail evaluation of the surface 

roughness and the three dimensional overview of the studied NLCs were done using AFM 

technique. The conventional and the FF-TEM images of some representative systems have been 

given in the panel A and B of Fig. 5 respectively.  

 

Figure 5. TEM (panel A, B & C) amd FF-TEM (panel A1, B1 & C1) images for (A) conventional NLC 

(SLC+TS+PA, 2:2:1, M/M/M); (B) NLCIPA (SLC/IPA+TS+PA, 2:2:1, M/M/M) and (C) NLCIPA in presence of 

OLA. SLC/IPA ratio is 30 : 70 (M/M) in NLCIPA. The scale bars are mentioned inside the figure. 
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Observed size of the studied NLC and NLCIPA were found to be in accordance with the 

previously observed DLS data. Slide deviation in the observed size was due to the difference in 

the technique of measurement.  In all the cases, NLC and NLCIPAwere found to be spherical. No 

significant difference in morphology was noted in the presence of IPA. The incorporated OLA 

did not influence the morphology of the studied formulations. 

 

Figure 6. AFM images of (A) conventional NLC (SLC+TS+PA, 2:2:1, M/M/M); (B) NLCIPA (SLC/IPA+TS+PA, 

2:2:1, M/M/M) and (C) NLCIPA in presence of OLA. SLC/IPA ratio was 30 : 70 (M/M) in NLCIPA.  Corresponding 

three dimensional view and roughness profiles were also presented in the Figure.  

 

 

Fig. 6 showed some representative AFM images along with the three dimensional 

representation of them. The obtained bright spots in the AFM images indicated NLC. No 

significant difference in size was noted from previously performed TEM and FF-TEM studies. 
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The height of NLCs were found in the range of 30 to 40 nm. The collapse of NLC and NLCIPA 

during the drying process under vacuum in the AFM analysis was mainly responsible for the 

reduction in the observed height. 
22, 23

 NLC and NLCIPA showed smooth surface morphology. No 

difference in the surface morphology observed in the presence of IPA in NLCIPA. Corresponding 

roughness analysis of the NLC and NLCIPAwere also represented along with the AFM image in 

Fig. 6, The smooth hump observed in the roughness analysis indicated the even surface for the 

studied formulations, But NLC and NLCIPA loaded with OLA showed a reduction in the surface 

smoothness. Observed folds in the roughness analysis indicated the presence of OLA on the 

palisade layer of NLCIPA. The accumulated OLA on the palisade layer of NLCIPA made the 

surface rough. The observation also indicated the formation of the shell enriched type NLCIPA. 

3.4.  Differential scanning calorimetric studies 

DSC is a very sensitive technique in determining the internal morphology and related 

thermodynamics for the lipid based drug delivery systems like NLC. In the present set of studies, 

DSC thermograms of NLC and NLCIPA having different SLC/IPA ratio were constructed and 

compared to evaluate the effect of added IPA in the internal morphology and thermal properties. 

Some representative DSC cooling thermograms of conventional NLC and NLCIPA with three 

different SLC/IPA ratio have been presented in the panel A Fig. 7.  

 

Figure 7. DSC cooling thermograms  for NLCIPA (SLC/IPA+TS+PA, 2:2:1, M/M/M) formulations having different 

SLC/IPA ratio in absence (panel A) and presence (panel B) of OLA. SLC/IPA (M/M) ratios (panel A & B): 1, 100 : 

0; 2, 40 : 60; 3, 30 : 70 and 4, 20 : 80. [NLCIPA] and [OLA] : 1 mM and 10 µM respectively. Scan rate, 2.5 ºC min
-1

. 
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In addition to this, a heating cooling DSC thermogram of NLCIPA has been shown in Fig. 8.  

 

Figure 8. Representative heating cooling DSC thermogram for NLCIPA (SLC/IPA+TS+PA, 2:2:1, M/M/M) 

formulations having SLC/IPA (M/M) ratio 30 : 70. [NLCIPA] : 1 mM. Scan rate, 2.5 ºC min
-1

. 

 

A significant reduction in the temperature of maximum heat flow (Tm) was observed for 

the NLC and NLCIPA from the bulk lipid mixture. Downshift in Tm was due to the reduction in 

size and subsequent enhancement in surface area in the form of NLC. 12, 21
 Similar to the liquid 

crystalline systems, observed cooling thermograms were found to be more prominent than the 

heating thermograms for conventional NLC as well as NLCIPA. 12, 21, 24-27
 Due to the prominent 

nature, cooling exothermic thermograms were used for the determination of different 

thermodynamic parameters. Evaluated thermodynamic parameters were presented graphically in 

the Fig. 9. 
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Figure 9. Variation in different thermodynamic parameters with the change in SLC/IPA tatio of NLCIPA 

(SLC/IPA+TS+PA, 2:2:1, M/M/M) in the absence (black) and presence (red) of OLA. The individual systems were 

mentioned inside the figure.  

 

In case of the conventional NLC, Tm was found at 27.3 ºC. But in case of NLCIPA, 

significant enhancement in the Tm was observed. NLCIPA having SLC/IPA ratio 40:60, 30:70 and 

20:80 were showed Tm at 38.7, 39.5 and 39.5 ºC respectively. Increment in Tm in the presence of 

IPA indicated the structural compactness and lesser lipidic modification. Maximum value of Tm 

was observed for NLCIPA having SLC/IPA ratio 30:70. Further enhancement in the IPA 

proportion has no effect on the observed Tm value. The observation indicated that SLC/IPA ratio 

30:70 was the optimum for the stable structural arrangement of NLCIPA. ∆H and ∆Cp for the 

conventional NLC and NLCIPA were also evaluated to gather further information regarding the 

structural properties and the multicrystalline nature. The ∆H and ∆Cp for NLCIPA were found to 

be higher than the conventional NLC. The lesser multicrystallinity and structural compactness of 
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NLCIPA were responsible for the observed result. NLCIPA having SLC/IPA ratio 30:70 was found 

to show the maximum ∆H and ∆Cp. Further enhancement in IPA had no effect in the ∆H and 

∆Cp for NLCIPA. The observed result also confirmed that, SLC/IPA ratio 30:70 was optimum and 

indicated the saturation limit of IPA for NLCIPA.  The reduction in ∆T1/2 value for NLCIPA than 

conventional NLC also indicated the structural compactness and reduced multicrystallinity. The 

observed minima in ∆T1/2 for NLCIPA having SLC/IPA ratio 30:70 also confirmed the saturation 

limit of IPA for the stable NLCIPA formulation. 

Thermal properties of the OLA loaded conventional NLC as well as the NLCIPA were 

also evaluated and the obtained thermograms were presented in the panel B of Fig. 7. The 

calculated thermodynamic parameters were also presented in Figure 9 along with the base 

formulations. In case of the DSC thermogram of the OLA loaded conventional NLC and 

NLCIPA, no significant change was observed. But the incorporation of OLA caused a right shift 

in the Tm value for NLC as well as NLCIPA. The enhancement in Tm indicated the formation of 

the shell enriched NLC formulations. 11, 12
  The shell formed by the incorporated OLA, delayed 

the phase transition of NLC. The observed repulsive interaction of OLA with the lipid system in 

the Langmuir monolayer studies also support the accumulation of OLA in the palisadelayer of 

NLC and NLCIPA. No observable variation in ∆H, ∆Cp and ∆T1/2 for OLA loaded NLC and 

NLCIPA clearly indicated the presence of any interaction of OLA with the lipid matrix and 

confirmed the formation of shell enriched type NLC and NLCIPA. 

3.5.  Entrapment efficacy and drug loading capacity 

 Entrapment efficiency (EE%) and the drug loading capacity (DL%) are the two key 

parameters from the stand point of a lipid base drug delivery system. In the present set of work, 

EE% and DL% of OLA in conventional NLC and NLCIPA were determined and compared. 

NLCIPA having SLC/IPA ratio 40 :60, 30 : 70 and 20 : 80 along with conventional NLC without 

having IPA were subjected for the determination of EE% and DL%. The obtained results were 

presented graphically in the panel A of Fig. 10.  

 



115 
 

 

Figure 10.  Variation in entrapment efficiency (EE%), drug loading (DL%) capacity (panel A) and release profile 

(panel B) of OLA with the variation in the SLC/IPA ration for NLCIPA (SLC/IPA+TS+PA, 2:2:1, M/M/M) 

formulation at 25 ºC . SLC/IPA (M/M) ratio (panel B): ●, controlee ○,100 : 0; □, 20 : 80; ∆, 30 : 70 and ,40 : 60. 

 EE% and DL% of the NLCIPA were found to improve in the presence of IPA. 

Amphiphilic OLA molecules preferentially got accumulated on the surface of NLC and forms 

shell enriched type NLC. The polar lipid head groups on the surface provided polar environment 

to host the drug in NLC. In case of NLCIPA, enhancement in the surface accumulation of OLA 

was observed. Enhancement in the polar nature of NLCIPA surface in the presence of IPA was 

mainly responsible for the observed result. Enhanced polarity of the surface provided better hold 

to the surface accumulated OLA and reduced the drug expulsion. EE% and DL% of the NLC 

formulations were also found to be dependent on the SLC/IPA ratio. With increasing IPA 

proportion, enhancement in EE% and DL% were observed up to SLC/IPA ratio of 30 : 70. In 

other word the maximum EE% and DL% were observed for the NLCIPA having SLC/IPA ratio 

30:70. Further enhancement in IPA proportion did not have any significant influence in the EE% 
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and DL%.  Hence, NLCIPA formulation having SLC/IPA ratio 30 : 70 was the optimum one and 

signifies the saturation limit of IPA for NLCIPA.  

3.6.  Release of OLA: 

 Release profiles of OLA from the studied conventional NLC and NLCIPA having different 

SLC/IPA ratio have been presented in the panel B of Fig. 10. The simple diffusion of OLA 

through dialysis membrane was also presented along with the release profile of NLC and 

considered as the controlee. Studied conventional NLC and NLCIPA were found to sustain the 

release of OLA to a considerable extent. The release profile of the studied formulations was 

monitored up to 80 hr. In case of conventional NLC a biphasic release pattern was noted. 
12

 

Initial burst release of the loosely surface bind OLA and then sustain release of rather strongly 

adsorbed OLA in the surface of NLC. In case of NLCIPA having IPA in combination with SLC, 

release was found to get sustained in comparison to the conventional NLC. In addition to this, 

NLCIPA were found to show different release pattern. A systematic homogeneous release pattern 

was noted for NLCIPA. The observation clearly supported the homogeneous surface accumulation 

of OLA in NLCIPA. The presence of IPA at the surface of NLCIPA enhanced the dipolar 

interaction between polar sides of the surface accumulated OLA and provided the desirable 

sustained release rate of OLA. In addition to these the release of OLA from the NLCIPA was also 

dependent on the SLC/IPA ratio. Maximum sustained release was observed for the NLCIPA 

having SLC/IPA ratio 30 :70. Further enhancement in IPA proportion did not encourage more 

sustained release of OLA from NLCIPA. 

 In order to get proper understanding regarding the release mechanism of OLA from 

conventional NLC and NLCIPA, obtained release profiles were fit in five different release models 

viz., first order, zero order, higuchi, weibull and korsmeyer-peppas model using DD Solver 1.0. 

28, 29
 All the regression data of four different dissolution models have been presented in table 1. 
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Table 1 Release kinetics of OLA from conventional NLC and NLCIPA having different SLC/IPA ratio. 

Different 

SLC/IPA (M/M) 

ratios of  OLA 

loaded NLCIPA 

First order Zero order Weibull Korsmeyer-Peppas Higuchi 

k1/ h
-1

 R
2
 k0/ mol 

lit
-1

.h
-1

 

R
2
 kw/ h

-1
 R

2
 kk/ h

-n
 R

2
 n kh/ h

-0.5
 R

2
 

100 : 0 0.021 0.989 1.190 0.853 1.247 0.997 6.212 0.998 0.590 8.766 0.968 

40 : 60 0.016 0.957 1.061 0.998 1.159 0.996 3.641 0.965 0.627 5.931 0.946 

30 : 70 0.011 0.946 0.979 0.997 0.949 0.994 2.098 0.966 0.546 4.270 0.963 

20 : 80 0.018 0.905 0.809 0.993 1.104 0.990 3.131 0.965 0.465 5.987 0.962 

[NLCIPA ] (SLC/IPA+TS+PA, 2:2:1, M/M/M): 1 mM, and [OLA]: 10 µM. 



118 
 

 

 The obtain data indicated that, the simple diffusion of OLA was found to follow higuchi release 

formalism. This type of release governs by the fick diffusion. In other word it controlled by the 

difference in concentration of OLA in either side of the dialysis membrane. By comparing the 

non liner regression coefficient values for the different release models, it was observed that the 

conventional NLC formulation followed korsmeyer–peppas release mechanism. 
11, 12, 21

 On the 

other hand, release of NLCIPA was found to follow the zero order release mechanism. The 

observed result indicated the uniform distribution of OLA over the NLCIPA surface. Due to the 

homogeneous surface distribution, OLA was found to get released at constant rate. The observed 

release mechanism indicated the drug enriched shell model of NLCIPA. 
12

 

3.7.  Anticancer activity of OLA loaded conventional NLC and NLCIPA against GIT cell 

lines 

To investigate the potentiality and applicability of the OLA loaded NLC and NLCIPA as 

drug delivery system, in vitro cytotoxicity of the studied formulations were evaluated on three 

different GIT cell lines such as hepatocellular carcinoma cell (HepG2), hepatocyte-derived 

carcinoma (Huh-7) and human colorectal carcinoma (HCT-116) cell line  using MTT assay 

technique. 20
 OLA loaded conventional NLC, NLCIPA and OLA in the native form were 

subjected for the cytotoxicity studies. Obtained results were summarized graphically in the Fig. 

11 and Fig. 12. 
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Figure 11. In vitro cytotoxicity of the conventional NLC (SLC/IPA+TS+PA, 2:2:1, M/M/M) and NLCIPA 

(SLC/IPA+TS+PA, 2:2:1, M/M/M) in absence and presence of OLA on three different cell lines at three different 

incubation times. The different systems, cell lines and incubation times were mentioned in the figure.  NLCIPA 

having SLC/IPA ratio 30 : 70 was used for the cytotoxicity studies. 

 

 In all the cases the dispersion medium of the studied formulation (2 mM aqueous Tween 

60 solution) was used as controlee. Conventional NLC and NLCIPA without having OLA were 

also subjected for the cytotoxicity studies and they were found to show no significant toxic effect 

on the studied cell lines after 72 hr of incubation time. The observation indicated the 

biocompatibility of base NLC and NLCIPA. In the present set of work, OLA loaded conventional 

NLC and NLCIPA showed enhanced cytotoxicity in comparison to the OLA in native form.  
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Figure 12. In vitro cytotoxicity of OLA alone on three different cell lines at three different concentrations of OLA. 

Different cell lines and incubation times were mentioned in the figure.  

 

Moreover, the NLCIPA loaded with OLA showed even higher activity than OLA loaded 

conventional NLC. The superior activity of OLA loaded NLCIPA formulations can be explained 

on the basis of higher penetration power and maximum amount of OLA internalization into the 

cancer cell. The smaller size, higher drug loading and drug incorporation efficacy was mainly 

responsible for the observed superior activity than the conventional NLC formulations. In 

addition to this the sustained release of the incorporated OLA was also helped in enhancing the 

cytotoxicity. 

For the better understanding on the cytotoxic activity of the studied formulations on GIT 

cell lines, IC50 values for free OLA, OLA loaded conventional NLC and NLCIPA were calculated 

at three different incubation times (24 hr, 48 hr and 72 hr) and compared. Obtained results were 

summarized in table 2.  
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Table 2.  IC50 values of pure OLA, conventional NLC and NLCIPA loaded with OLA on different cell lines. 

Systems 

 

IC50  on different cell lines (µM) 

HEPG2 HCT116 HUH7 

24 hr 48 hr 72 hr 24 hr 48 hr 72 hr 24 hr 48 hr 72 hr 

Pure  OLA 6.51 5.88 5.25 8.54 7.42 5.78 7.31 6.52 5.80 

Conventional 

NLC 

5.36 4.93 4.48 6.71 5.96 4.90 5.91 5.37 4.88 

NLCIPA 5.36 4.61 4.01 5.28 4.73 4.21 5.36 4.72 4.14 

 

The lowest IC50 values were observed for OLA loaded NLCIPA in all the cases. The 

reduced IC50 value of the OLA loaded NLCIPA confirmed the superior activity of it over the free 

OLA and OLA loaded conventional NLC. No significant variation in the activity was observed 

with different GIT cell lines studied.  

Moreover, a progressive increment in cytotoxicity was observed for all the formulations 

with increasing OLA concentration and incubation time. The enhancement was observed for all 

the GIT cell lines studied. The observation indicated that the anticancer activity of the studied 

formulations was a concentration and time dependent phenomenon. The enhancement in activity 

may be explained on the basis of better internalization of OLA inside the cell with increasing 

drug concentration and incubation time. Further investigation on the detailed mechanism of 

anticancer activity against GIT cancer cell lines , more sophisticated biological studies were 

warranted and those are taken as the future prospective of our research group. 

4. Conclusion 

 In the present set of studies, conventional NLC and NLCIPA were prepared using hot 

homogenization followed by ultrasonication method. Conventional NLC was prepared using 

SLC, TS and PA with molar ratio 2: 2: 1. The conventional NLC was modified and NLCIPA 

formulations were prepared using IPA in combination with SLC. Before the preparation, the 

ratio of SLC and IPA were quantitatively estimated by considering the mutual interaction among 

the lipid constituents and IPA at the air water interface by Langmuir monolayer approach. Three 

different systems with SLC/IPA ratio 40 : 60, 30 : 70 and 20 : 80 were selected for the 
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preparation of NLCIPA. The prepared conventional NLC and NLCIPA were characterized using 

DLS, DSC, TEM, FF-TEM and AFM. The results indicated that, in the presence of IPA, the 

stability of NLCIPA enhanced in comparison to conventional NLC. Reduction in the lipid 

modification in the presence of IPA stabilized the NLCIPA formulation. Among the different 

NLCIPA  formulations, system with SLC/IPA ratio 30 : 70 was found to be the optimum having  

the least structural disorder and the maximum compactness among the lipid components 

suggested by the solution as well as the thermal behavior of the systems. OLA as drug was 

incorporated into the studied formulations. The detailed physicochemical characterization of the 

OLA loaded system indicated the preferential surface accumulation of OLA on conventional 

NLC and NLCIPA. The amphiphilic nature of OLA due to the presence of the phenolic hydroxyl 

and carboxylic acid group was responsible for the accumulation at palisade layer. Due to the 

surface adsorption of OLA, shell enriched type NLC system was proposed for the studied 

systems. The EE% and DL% of the NLCIPA were found to be superior over the conventional 

systems. The release of OLA was also get sustained in the presence of IPA in NLCIPA.  The 

anticancer activity of the OLA loaded conventional NLC and NLCIPA were carried out on 

Hepatocellular carcinoma (HepG2), hepatocyte-derived carcinoma (Huh-7) and colorectal 

carcinoma (HCT-116) cell lines. The activity of NLCIPA was found to be higher than the 

conventional NLC. In summary, it can be said that the IPA is a promising alternate of 

conventional phospholipid in enhancing the stability and performance of OLA loaded NLCIPA. 

But further studies were warranted for the exhaustive evaluation of these systems with various 

synthetic ion pair amphiphiles. In addition, their activity and other related biological parameters 

with different category of drugs is also warranted for their comprehensive evaluation as 

successful drug delivery system. 

References 

References are given in BIBLIOGRAPHY under references for CHAPTER 3 (pp. 154-
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CHAPTER 4 

 

Role of PEG 2000 in the surface modification and physicochemical characteristics of  

pyrazinamide loaded nanostructured lipid carriers. 

Abstract 

Hydrogenated soy phosphatidylcholine (HSPC), tristearin (TS) and oleic acid (OA) (2:2:1, 

M/M/M) were employed for the preparation of the nanostructured lipid carriers (NLC). Surface 

modified NLC formulations (NLCPEG) were formulated by adding polyethylene glycol 2000 

(PEG 2000) in the dispersion medium (2 mM aqueous Tween 60) of NLC. 0.0001, 0.001, 0.01 

and 0.1 (W/V)% of PEG 2000 were used to obtained the effect of PEG 2000 on the 

physicochemical characteristics of NLCPEG. In all the cases hot homogenization followed by 

ultrasonication technique was used as preparative procedure. 0.01 (W/V)% PEG 2000 was found 

to be the saturation limit for the studied formulations. Pyrazinamide (PYZ) was used as drug in 

the present work and successfully incorporated in NLC and NLCPEG systems. The base and the 

drug loaded formulations were subjected for detailed characterizations using dynamic light 

scattering (DLS), differential scanning calorimetry (DSC), transmission electron microscopy 

(TEM) and atomic force microscopy (AFM). The stability of the NLCPEG formulations were 

found higher than the conventional NLC formulations. Added PEG 2000 provided extra steric 

stability to the NLCPEG systems by introducing an additional layer over NLCPEG. The presence of 

the additional layer of PEG 2000 offered a preventative barrier towards easy expulsion of the 

surface accumulated PYZ. Hence, considerable improvement in entrapment efficiency (EE%), 

drug loading (DL%) and desirable sustained release profile were observed for NLCPEG 

formulations. . 

 

J. Chem. Sci. 2018, 136, 1 – 9. 
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1. Introduction 

Nanocolloidal lipid based drug delivery systems have enormous possibility in the 

improvement of phermacodynamics and pharmacokinetics of a large number of active 

pharmaceutics. 1-5
 Some commonly used drug delivery systems are microemulsion, liposomes, 

nano suspensions, polymeric nanoparticles  etc. But more or less all the mentioned lipid based 

drug delivery systems suffer from serious limitations like low drug incorporation, fast release of 

the incorporated drug, low affinity towards hydrophilic drug and biocompatibility in some cases. 

6-10
 The mentioned common disadvantages of the lipid based drug deliver are successfully 

overcome in nanostructured lipid carriers (NLC). NLCs are the modified form of solid lipid 

nanoparticles, also known as the second generation solid lipid nanparticle. 1-5
 Blend of two or 

more structurally dissimilar biocompatible lipids (solid or liquid) is used for the preparation of 

NLC. The created structural imperfections by the stericaly different lipid molecules effectively 

host the incorporated pharmaceutics to a considerable extent and effectively reduce the drug lose 

and unwanted drug leakage from NLC surface. NLC systems thus effectively overcome all major 

limitations of the conventional drug delivery systems and prove them as the most promising lipid 

based drug delivery of recent age. Although NLCs are advantageous, but problems like lipid 

modification, high rate of coagulation, separation of the lipid phase, poor incorporation of the 

hydrophilic drug etc., have restricted the wide participation of NLC and restrains the market 

availability of it. 1-3, 11-13
 These shortcomings are the serious challenge to a pharmacist in the 

development of NLC systems as nobel drug delivery agent. 

Several attempts have been made by various research groups in enhancing the stability 

and performance of NLC formulation by employing different surfactants, polymers and 

surfactant in combination with polymer in the dispersion medium. 9, 14, 15
 In case of the surfactant 

– polymer stabilized NLC, non ionic surfactants and polymers were found to give the best 

performance due to their biocompatibility and non toxicity. 9
 In addition to this, the nonionic 

polymers provide a great deal of steric stability and effectively reduce the lipid modification 

which is directly related to the coagulation rate of NLC. It has been established that, the added 

non ionic polymer produced a layer over the NLC surface and effectively reduce the coagulation. 

The polymer layer is also effective in reducing the easy escape of the surface accumulated 

hydrophilic drug components. But detailed study regarding the effect of nonionic polymers on 
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the stability of the NLC formulations and the exact role of the polymer layer on the drug loading 

and release mechanism of the hydrophilic drugs are still lagging in the literature. To uncover 

those facts, different concentration of a nonionic biocompatible polymer PEG 2000 has been 

used in combination with the non ionic surfactant Tween 60 in developing NLCPEG systems 

loaded with a hydrophilic drug PYZ.       

PYZ is a well known first line drug in the treatment of the active tuberculosis. Generally 

PYZ is used in combination with isoniazid, rifampicin and ethambutol in the treatment of active 

tuberculosis. 16-19
 It is also used as a potent drug for ueicosuric disuses. In addition to this 

hypouricemia and hyperuricosuria have been effectively diagnosis using PYZ. 17, 18
 But high 

water solubility, high rate of execration and high dose frequency have restricted its 

pharmaceutical use. 17, 18
 Hence, a suitable delivery system is a need for PYZ. Researchers have 

taken a number of attempts to develop a suitable solid lipid based drug delivery systems to 

overcome the limitations. 16-19
 Most of the proposed formulations suffer from several serious 

limitations like low EE%, DL% and fast release of incorporated PYZ. So, the focus of the 

present work is given in the development of suitable NLC system for PYZ and attempt has been 

made to improve the performance by employing surface modification using nonionic polymer 

PEG 2000. No such prior attempt has been made in developing surface modified NLCPEG for the 

delivery of PYZ to the best of our knowledge. 

 In the present study, surface modified NLCPEG formulations were prepared and their 

stability and efficiency as a delivery agent of hydrophilic pharmaceutics PYZ were compared 

with the conventional NLC without having any surface modifications provided by nonionic 

polymer PEG 2000. In this work, HSPC, TS and OA (2 : 2 : 1, M/M/M) were used as lipidic 

components for the preparation of NLC and NLCPEG. 2 mM aqueous Tween 60 solution was 

used as the dispersion medium for the studied formulations. In case of the surface modified 

NLCPEG, four different concentrations (0.0001, 0.001, 0.01 and 0.1 W/V %) of nonionic polymer 

PEG 2000 was used along with 2 mM aqueous Tween 60 solution in the dispersion medium. 

Conventional NLC and surface modified NLCPEG formulations were prepared using the hot 

homogenization followed by ultrasonication method. The obtained formulations were subjected 

for detailed physicochemical characterizations using DLS, DSC, conventional TEM and AFM. 

Water soluble PYZ was used as drug for the studied formulations. The PYZ loaded formulations 
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were also characterished using the mentioned analytical techniques to gather information 

regarding the location of the incorporated PYZ. Conventional NLC and NLCPEG formulations 

were further characterized for the evaluation of DL% and EE%. The release of the incorporated 

PYZ was also studied to evaluate the potentiality of the studied formulations as a delivery system 

for PYZ. The obtained release profiles were further analyzed using different release models for 

the evaluation of the exact release mechanism of the incorporated PYZ. Such comprehensive set 

of work can be helpful in providing a concept in the development of different surface modified 

NLC formulations for water soluble drugs PYZ and other drugs of this family. 

2. Material and methods 

2.1. Materials 

HSPC, tristearin (TS) and oleic acid (OA) have been purchased from Sigma-Aldrich 

Chemicals (USA). Tween 60 and polyethylene glycol 2000 (PEG 2000) were procured from 

Sisco Research Laboratory (SRL), Pyrazinamide (PYZ) was obtained from Merck Specialties 

Pvt. Ltd, India. All the solvents of analytical grade have been used throughout the study. Double 

distilled water having molar conductivity of 2 mS cm
-1

 at 25 ºC was used for the experiments. 

2.2. Preparation of NLC and NLCPEG 

Conventional hot homogenization followed by ultrasonication technique was used for the 

preparation of the studied formulations. Details regarding the preparative procedure can be 

obtained in our recent publications. 6-9
 HSPC, TS and OA were used in the molar ratio 2 : 2 : 1, 

M/M/M and the concentration of the studied formulations were maintained at 1 mM.  In case of 

the NLCPEG formulation, PEG 2000 was introduced by dissolving it in the dispersion medium of 

NLC. 0.0001, 0.001, 0.01 and 0.1 (W / V) % of PEG 2000 was used separately in the dispersion 

medium for the evaluation of the effect on the stability for NLCPEG formulations. 2 mM aqueous 

Tween 60 solution was used as dispersion medium for the studied formulations. During the 

preparation of PYZ loaded NLC and NLCPEG formulations, PYZ were introduced in the lipid 

physical mixture. In this study, PYZ concentration was fixed at 10 µM for the conventional NLC 

and NLCPEG formulations. 
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2.3. Analytical instrumentations 

Hydrodynamic diameter (dh), polydispersity index (PDI) and zeta potential  (Z.P.) of the 

studied formulations were evaluated using dynamic light scattering technique (Zetasizer Nano 

ZS90 ZEN3690, Malvern Instruments Ltd., U.K.). Morphology of the prepared NLC and 

NLCPEG systems were studied using conventional TEM (Hitachi H-600, Japan) and AFM 

(Bruker Nanoscope V Multimode SPM). Thermal behavior of the studied formulations were 

analyzed using a differential scanning calorimeter (DSC, Mettler Toledo, Switzerland).  

Obtained thermal data were further analyzed using DSC1  STAR
e
 software for the evaluation of 

different thermodynamic parameters. 

2.4. Entrapment efficiency (EE%) and drug loading capacity (DL%)  

Method of centrifugation was used for the evaluation of EE% and DL% for NLC and 

NLCPEG formulations. The drug loaded NLC and NLCPEG formulations were subjected for high 

speed centrifuge at 15000 rpm. During centrifugation, the temperature of the studied 

formulations were maintained at 4 ºC. Collected supernatant of the centrifuged samples were 

analyzed using a specrophotometer to determine the amount of free drug. After that, EE% and 

DL% of the studied formulations were determined using the following equations
6-9

 

𝐸𝐸% =  
𝑊𝑙𝑜𝑎𝑑𝑒𝑑  𝑃𝑌𝑍

𝑊𝑡𝑜𝑡𝑎𝑎𝑙  𝑃𝑌𝑍
 × 100 %                                                              (1) 

𝐷𝐿% =  
𝑊𝑙𝑜𝑎𝑑𝑒𝑑  𝑃𝑌𝑍

𝑊𝑙𝑖𝑝𝑖𝑑
 × 100 %                                                              (2) 

Where Wtotal PYZ, Wlipid and Wloaded PYZ were represented the weight of total PYZ added in the 

studied formulations, amount of lipids used in NLC, NLCPEG and amount of entrapped PYZ in 

NLC, NLCPEG respectively. 

2.5. In vitro release study 

 The release of the incorporated PYZ from NLC and NLCPEG were studied using 

conventional dialysis bag approach (12 kD). 6-9
 5 mL of the PYZ loaded NLC and NLCPEG 

formulations were taken inside the dialysis bag and immersed into 20 mL of release medium. 2 

mM aqueous Tween 60 solution was used as release medium for the present study. The release 
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experiment was carried out by maintaining sink condition under constant stirring. The released 

drug was quantified colorimetrically. 

3. Results and discussions 

3.1. Solution phase behavior of NLC and NLCPEG 

Hydrodynamic diameter (dh) of the NLC formulation is a very important quality control 

parameter because it mainly determines their solution phase stability, loading capacity, 

entrapment efficiency and the release rate of the incorporated drug. In the present study HSPC, 

TS and OA (2 : 2: 1, M/M/M) were used for the preparation of the NLC and NLCPEG 

formulations. 2 mM aqueous Tween 60 solution was used as the dispersion medium for the 

studied formulations. In case of the NLCPEG formulations, different concentration of PEG 2000 

was added in the dispersion medium. To evaluate the solution phase stability of the studied 

formulations, dh was monitored with respect to time and presented graphically in the panel A of 

Fig 1.  

 

Figure 1. Variation in dh and PDI with respect to time for the NLC (HSPC : TS : OA, 2 : 2 : 1, M/M/M ) and 

NLCPEG (HSPC : TS : OA, 2 : 2 : 1, M/M/M ) systems in the absence (panel A) and presence (panel B) of PYZ at 25 

ºC.  The different concentration of PEG 2000 was mentioned inside the figure. 
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The dh of the studied conventional NLC formulations was found in the range of 150 - 210 

nm. The dh of the PEG 2000 coated formulations were found in the range of 200 - 230 nm. The 

dh of NLCPEG formulations were found to be higher than the conventional NLC. Increase in dh 

was due to the presence of a additional layer of the added PEG 2000 in NLCPEG. The dh of 

NLCPEG formulations were also get governed by the concentration of PEG 2000. Progressive 

enhancement in dh was noted with increasing concentration of PEG 2000 in the dispersion 

medium. Maximum dh was observed for the NLCPEG formulation having 0.01 (W/V)% PEG 

2000 in the dispersion medium. Further increase in the amount of PEG 2000 was found to show 

no effect in dh of the studied formulations. The result clearly indicated the saturation point of 

PEG 2000 for the studied NLCPEG formulations.  At this concentration, palisade layer of  

NLCPEG get saturated with PEG 2000 and no additional accumulation of PEG 2000 was noted 

with further addition of PEG 2000. 

 A clear idea regarding the solution phase stability during the storage time can be obtained 

from the dh vs. time profile (panel A of Fig. 1) of the studied formulations. The dh of the 

conventional NLC and NLCPEG formulations were monitored for 100 days and no significant 

fluctuation in dh value was observed. The observation indicated the formation of stable 

nanocolloidal suspension. In addition to this, a smooth progressive increment in the dh value was 

noted with the storage time for all the studied formulations. The coagulation of the nanocolloidal 

suspension was mainly responsible for the observed phenomenon. Observed growth rate of the 

NLCPEG formulations were found to be lower than the conventional NLC system. Reduction in 

growth rate indicated the reduced coagulation in the presence of additional PEG 2000 layer along 

with the non ionic surfactant Tween 60. The additional layer of PEG 2000 provided extra steric 

stability to the NLCPEG and restricted the coagulation phenomenon among the suspended lipid 

particles to a considerable extent. 

 dh vs. time profiles for PYZ loaded NLC and NLCPEG formulations were also presented 

in the panel B of Fig 1.  dh of PYZ loaded conventional NLC and NLCPEG formulations were 

found in the range of 180 - 230  and 185 -  233 nm respectively. The observed enhancement in 

the dh value in case of the conventional NLC, indicated the accumulation of PYZ on surface and 

suggested a shell enriched NLC formulation. On the other hand, no significant influence was 

noted in the dh value of PYZ loaded NLCPEG formulation. Obtained result indicated the inside 
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penetration of the incorporated PYZ in between the palisade layer of NLCPEG and PEG 2000 

layer.  

 PDI of the nanocolloidal drug delivery systems is another crucial parameter because it 

regulates the homogeneity of nanocolloidal suspensions. In the present study PDI for the studied 

formulations were also monitored with respect to time and presented in the panel A of Fig. 1. 

The observed PDI for the studied formulations were found in the range of 0.3 – 0.5. Observed 

PDI for the prepared formulation indicated the formation of the well homogenized suspensions. 

Observed fluctuation in the PDI vs. time profile for the studied formulation signified the ongoing 

crystalline modification inside NLC and NLCPEG systems. The crystalline modifications in NLC, 

make the lipid core mobile and disturbed the homogeneity of the formulation during storage. In 

case of NLCPEG, fluctuation in PDI was considerably less. This observation indicated the 

enhancement in stability for NLCPEG formulation in comparison to the conventional NLC. PDI of 

PYZ loaded formulations were also determined and presented in panel B of Fig. 1. In case of  

PYZ loaded NLC formulation, a small increase in the PDI was noted. The increased PDI 

indicated reduction in the surface homogeneity due to the accumulation of PYZ on the palisade 

layer of NLC. On the other hand, no significant variation in PDI was noted for the PYZ loaded 

NLCPEG from the corresponding base systems. The observation indicated the accumulation of 

PYZ in between the lipid palisade layer and the additional polymer layer. Due to the inside 

penetration of incorporated PYZ into the PEG 2000 layer, no surface irregularity was noted in 

the surface of PYZ loaded NLCPEG formulations.  

Z.P. is directly related to the surface charge and electrostatic stability of lipid based 

nanocolloidal drug delivery systems. In the present study, Z.P. of the studied formulations were 

monitored with respect to time and presented graphically in the panel A of Fig. 2. 
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Figure 2. Z.P. vs. time profile for NLC (HSPC : TS : OA, 2 : 2 : 1, M/M/M ) and NLCPEG (HSPC : TS : OA, 2 : 2 : 

1, M/M/M ) systems in the absence (panel A) and presence (panel B) of PYZ at 25 ºC.  The different concentration 

of PEG 2000 was mentioned inside the figure. 

 

The Z.P. of the conventional NLC formulation were found in the range of -22 to -24 mV. 

In case of the NLCPEG formulations, Z.P. was formed in the range of -15 to -20 mV.. Reduction 

in the negative magnitude of Z.P for NLCPEG indicated the pressure of polymer layer (non ionic 

PEG-2000) which effectively masked the surface change of NLCPEG. Z.P. value of the studied 

NLCPEG formulation was also found to get influenced by the amount of added PEG 2000. With 

increasing concentration of PEG 2000, lowering of surface charge was noted and the this effect 

get continued till the concentration of PEG 2000 reached at 0.01 (W/V)%. Further enhancement 

in PEG 2000 has no significant influence in the reduction of surface charge of the studied 

formulations. The increasing concentration of the nonionic polymer was found to increase the 

thickness of polymer layer over the NLC surface and progressively reduced the surface charge. 

After the saturation point, no further accumulation of PEG 2000 occurred over NLCPEG and no 

further reduction in the ZP was observed. In case of PYZ loaded conventional NLC and NLCPEG 

formulations no significant influence on the Z.P. value was noted in comparison to the base 

systems (panel B of Fig. 2). Absence of any significant fluctuation in the Z.P. vs. time profile of 
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the base and the drug loaded formulations also signifies the considerable solution phase stability 

for the formulations under experiment. 

3.2. Morphological studies 

The surface morphology of the NLC and NLCPEG were analyzed using conventional 

TEM and AFM. In all the cases spherical morphology and a smooth surface was noted. Some 

representative TEM images have been given in the panel A and B of Fig. 3.  

 

Figure 3. TEM images of the NLCPEG (HSPC : TS : OA, 2 : 2 : 1, M/M/M ) having 0.01 (W/V)% of PEG 2000 in 

the absence (A) and presence (B) of PYZ. Scale bars are given inside the figures. 

 

No significant difference in the size of the studied NLC and NLCPEG systems were 

observed from the previously performed DLS studies. A small reduction of size in case of TEM 

indicated the loss of the hydration sphere associated with the NLC and NLCPEG during the drying 

process of sample preparation. 6-8
 The loss of hydration sphere result a little contraction in size of 

NLC and NLCPEG systems. The morphology of the studied formulations were further 

investigated using AFM. AFM image of a representative NLCPEG formulation have been 

presented in the Fig. 4 along with the three dimensional over view and roughness analysis 

profile.  
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Figure 4. AFM image (A) NLCPEG (HSPC : TS : OA, 2 : 2 : 1, M/M/M ) having 0.01 (W/V)% of PEG 2000. Panel 

B and C represented the three dimensional surface morphology and corresponding roughness analysis profile 

respectively.  

 

The observed results were found to be in accordance with the previously performed DLS 

and TEM studies. The observed height of the studied formulations was found in the range of 40 - 

60 nm. The significant reduction in height can be explained by the collapse of NLC during the 

vacuum drying process. 20, 21
 The presence of additional polymer layer was not detected clearly 

in TEM and AFM analysis. During the loss of hydration sphere, the layer of PEG 2000 also gets 

ruptured. More sophisticated morphological analysis like FF-TEM and cryo TEM are expected 

to be helpful in getting the image of the polymer layer. Our research group is looking forward for 

those sophisticated studies in near future.     

3.3. Thermal behavior of NLC and NLCPEG 

DSC is a very useful technique in collecting information regarding internal morphology 

and crystallinity of the lipid based nanocolloidal drug delivery systems. Representative DSC 

thermograms of the conventional NLC and PEG 2000 coated NLCPEG formulations have been 

presented in the Fig. 5.  
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Figure 5. DSC cooling thermograms of NLC (red) and NLCPEG (black) (HSPC : TS : OA, 2 : 2 : 1, M/M/M ) having 

0.01 (W/V)% of PEG 2000 in absence (panel A) and presence (panel B) of PYZ. The scan rate was fixed at 2 ºC 

min
-1

. 

 

In all the thermograms, only one prominent peak was noted. The appearance of a single 

prominent peak indicated negligible lipidic modification inside NLC and NLCPEG . The phase 

transition temperature (Tm) for the NLC and NLCPEG were found in the range of 25 - 35  and 32 

– 40.1 ºC respectively. A marked reduction in Tm value was noted for NLC and NLCPEG from the 

bulk lipid mixture. The observed reduction can be explained on the basis of structural 

reorganization and subsequent generation of structural imperfections during the formation of 

NLC and NLCPEG. In addition to this, significant reduction in size is also an important cause for 

the reduction in Tm value for NLC and NLCPEG systems. 6-8
 Observed cooling thermograms were 

found to be more prominent in comparison to the heating termograms. Down shift in Tm value 

for the cooling thermogram indicated the similarity of the studied NLC and NLCPEG with liquid 

crystalline systems. 22-25
 Due to the prominent nature, cooling thermogram were further analyzed 

to determine different thermodynamic parameters. The calculated thermodynamic parameters 

have been presented in the table 1.  
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Table 1. Phase transition temperature (Tm), half peak width (ΔT1/2), change in enthalpy (ΔH) and heat capacity 

(ΔCp) of the base and PYZ loaded NLCPEG (HSPC : TS : OA, 2 : 2 : 1, M/M/M ) having different concentration of 

PEG 2000. 

 PEG2000/(W/V)% Tm/°C ΔT1/2/ °C ΔH/ 

kcal.mol
-1

 

ΔCp 

/ kcal.mol
-1

C
-1

 

NLCPEG 0 27 8.5 32 3.76 

0.0001 32 8.3 32.9 3.96 

0.001 37 9.2 33 3.58 

0.01 40 9 32.5 3.61 

0.1 40.1 9.2 33.4 3.63 

PYZ loaded NLCPEG 0 35 9.5 33.1 3.48 

0.0001 31.3 9.5 32.5 3.42 

0.001 36.2 9 32.3 3.58 

0.01 39.2 8 33.2 4.15 

0.1 39.3 9.3 33.3 3.58 

Concentration of the NLCPEG was fixed at 1 mM. All the DSC studies were performed on day1. Scan rate:  2 °C min
-

1
. 

 

The Tm value for the NLC was found at 25 ºC. Tm value for NLCPEG formulations were 

found in the range of 32 – 40.1 ºC. The observed enhancement in Tm indicated the presence of 

additional layer of PEG 2000 over the NLCPEG surface. The presence of additional layer of 

polymer delayed the phase transition phenomenon and enhanced the Tm for NLCPEG. Tm values 

of NLCPEG were also found to be dependent on the amount of the added PEG 2000. With 

increasing the concentration of PEG 2000, enhancement in Tm indicated the formation of thicker 

layer of PEG 2000 with increasing concentration. But no enhancement was noted after the 

saturation point (0.01 W/V %). Insignificant change in the ΔH and ΔCp were noted for the 

NLCPEG from the convectional NLC system. Obtain result clearly indicated that, the added PEG 
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2000 forms an outer layer over the NLC surface and do not have any significant interaction with 

the internal morphology of NLCPEG. Hence, no observable change in ΔT1/2 was also observed 

among the conventional NLC and NLCPEG formulations 

  Panel B of Fig. 5 represent the DSC thermogram of PYZ loaded NLC and NLCPEG 

systems. The calculated thermodynamic parameters of the PYZ loaded formulation have been 

presented in the table 1 along with the base systems. Tm value of the PYZ loaded NLC was found 

to be higher than the base systems. The enhancement in Tm is a clear indication for the formation 

of shell enriched NLC system. The presence of the hydrophilic lipid part (head groups) at the 

surface provided a dipolar attraction to the hydrophilic drug PYZ and increased the surface 

availability of PYZ. On the other hand, a slide reduction in Tm was observed for PYZ loaded 

NLCPEG systems form the base formulations. The observed reduction of Tm indicated the 

penetration of incorporated PYZ in between the PEG 2000 layer and surface of NLCPEG. The 

presence of PYZ created irregularity in the molecular arrangement in the PEG 2000 layer. The 

irregularity created by the incorporated PYZ reduced the shielding to some extent and reduction 

in the Tm was observed. No observable change in ΔH, ΔCP and ΔT1/2 were noted for the PYZ 

loaded NLC and NLCPEG systems. Hydrophilic nature of the PYZ restricted its partitioning in the 

lipid phase of NLC and NLCPEG. Hence, insignificant change in the ΔH, ΔCP and ΔT1/2 of the 

PYZ loaded formulations was observed. The observation confirmed the surface accumulation of 

PYZ and formation of shell enriched NLC system. 

3.4. Entrapment efficiency and drug loading capacity studies 

EE% and DL% of conventional NLC and NLCPEG systems were evaluated and 

graphically represented in the Fig. 6.  
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Figure 6. Variation in the EE^ and DL%  of the NLCPEG (HSPC : TS : OA, 2 : 2: 1, M/M/M) formulations with 

changinh the concentration ofPEG 2000. 

 

The effect of concentration of the added non ionic polymer on EE% and DL% of NLCPEG 

systems were also investigated. In case of conventional NLC formulation the EE% and DL% 

were found to be 30 % and 2.4 % respectively. The obtained EE% and DL% were found to be 

less in comparison to the frequently reported NLC formulations loaded with amphipilic drug 

molecules. PYZ is a hydrophilic drug. Due to its hydrophilic character, physical exclusion rate of 

the surface adsorbed PYZ is very high. Only a weak dipolar attraction between the amine group 

of PYZ and the hydrophilic lipid head group mainly the carboxylic acid groups of the OA 

molecules present at the NLC surface were holding the incorporated PYZ on the surface. EE% 

and DL% of the NLCPEG formulations were found in the range of 42 – 58 % and 3.3 – 4.6 % 

respectively. Considerable improvement in the EE% and DL% in case of NLCPEG can be 

explained on the basis of additional layer of PEG 2000 over NLCPEG surface. In case of the 

NLCPEG, the incorporated drug get accumulated on the surface as well as in between the lipid 

palisade layer and the polymer layer. In addition to this, the PEG 2000 layer prevented the easy 

physical exclusion of the incorporated drug. EE% and DL% of the NLCPEG formulations were 

also found to be dependent on the concentration of added polymer in the dispersion medium. 

EE% and DL% of the NLCPEG formulations were found to get increased with increasing 

concentration of PEG 2000 up to a certain concentration (0.01 W/V%) and after that no further 

enhancement was noted. Observation clearly indicated the attainment of saturation of the added 

PEG 2000 in NLCPEG system. With increasing concentration of PEG 2000, the shielding towards 
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the physical exclusion of the PYZ increases due to the progressive increment in the thickness of 

the polymer layer. The thickness was found to increase till the attainment of saturation limit. 

3.5. Drug release studies 

The release of the incorporated PYZ from the conventional NLC as well as NLCPEG 

formulations were studied and compared. NLCPEG system having 0.01 (W/V)% of PEG 2000 

was considered for the release study. The obtained release profile and the simple diffusion of 

PYZ from dialysis membrane have been presented graphically in the Fig. 7.  

 

 

Figure 7. Release profiles of the free PYZ and PYZ from the conventional NLC (HSPC : TS : OA, 2 : 2 : 1, M/M/M 

) and NLCPEG (HSPC : TS : OA, 2 : 2 : 1, M/M/M ) having 0.01 (W/V)% of PEG 2000 at 25 ºC.   

 

The simple diffusion of PYZ was taken as control for the release study to eliminate the 

effect of dialysis membrane over the release of PYZ. The release of PYZ from NLC and NLCPEG 

were found to be sustained in comparison to the simple diffusion of PYZ. The release of PYZ 

from the NLC and NLCPEG were monitored for 48 hrs. In 48 hrs, maximum 84 % of PYZ was 

found to get released from the conventional NLC system. 61.3 % of PYZ was found to get 

released from NLCPEG during the same time period. In all the cases a biphasic release pattern was 

noted. 6, 8, 9
 An initial burst release and then a sustained release of PYZ. In case of the 

conventional NLC 58 % of the incorporated PYZ get released during the initial burst with in 8 

hrs. Whereas only 36.3 % of the incorporated PYZ get expulsed as the initial burst in case of 

NLCPEG formulation. The burst release of the NLCPEG was continued up to 6 hrs from the 
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beginning of release time. The results indicated that, NLCPEG provided a more controlled and 

sustained release of the incorporated PYZ in comparison to the conventional NLC formulation. 

The presence of the additional polymer layer over the NLCPEG surface increased the micro 

viscosity around it and effectively slowdown the release of surface adsorbed PYZ. 

The obtained release profiles were further fitted into different well established release 

models to get a proper understanding regarding the drug release mechanism. DD solver an add-in 

program was used to obtained the dissolution data for the studied release profiles. 26, 27
 In the 

present study, first order, zero order, Higuchi, Korsmeyer-peppas and Weibull models were 

selected to fit the release profiles. The obtained dissolution data have been presented in the table 

2.  
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Table 2. Release kinetic data of PYZ from NLC (HSPC : TS : OA, 2 : 2 : 1, M/M/M ) and NLCPEG (HSPC : TS : OA, 2 : 2 : 1, M/M/M ) having 0.01 (W/V)% of 

PEG 2000. 

Different 

formulations 

First order Zero order Weibull Korsmeyer-Peppas Higuchi 

k1/ h
-1

 R
2
 k0/ mol 

lit
-1

.h
-1

 

R
2
 kw/ h

-1
 R

2
 β kk/ h

-n
 R

2
 N kh/ h

-0.5
 R

2
 

NLC 0.03 0.969 2.19 0.873 2.24 0.997 0.465 7.21 0.997 0.40 8.30 0.965 

NLCPEG 0.02 0.987 1.05 0.898 1.15 0.996 0.423 4.64 0.996 0.39 4.90 0.976 

[NLC] and [NLCPEG]: 1 mM, and [PYZ]: 10 µM. 
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Obtained regression values suggested that, the release of PYZ from NLC and NLCPEG 

followed korsmeyer-peppas release formalism. According to this release model, the release 

rate of PYZ from the conventional NLC and NLCPEG were found to be 7.21 and 4.64 hr
=1

 

respectively. Release exponent (n) for NLC and NLCPEG were also evaluated for Korsmeyer-

Peppas release model and the values were found to be ≤ 0.5. the obtained result indicate that 

the release of PYZ from NLC and NLCPEG was controlled by classical Fick diffusion 

mechanism.  

4. Conclusions 

The focus of the present work was centered on the development and the 

physicochemical characterization of the NLCPEG systems designed for the delivery of the 

hydrophilic drug, PYZ. PEG 2000 a non ionic polymer was used for the surface modification 

in case of NLCPEG systems. HSPC, TS and OA with a molar ratio 2 : 2: 1, M/M/M was used 

for the preparation of NLC and NLCPEG formulations. In case of NLCPEG system, the 

nonionic polymer was introduced in the dispersion medium (aqueous 2mM Tween 60 

solution). 0.01 (W/V)% PEG 2000 was found to be the optimum concentration for the 

preparation of stable NLCPEG. The stability of the NLCPEG formulations was found to be 

higher than the conventional NLC formulations. The significant reduction in the lipid 

modification and growth rate indicated the stability of the NLCPEG systems. In addition to 

this, presence of additional layer of PEG 2000 was found to enhance the steric stability of 

NLCPEG systems. PYZ was also successfully incorporated in the NLC and NLCPEG 

formulations. The detailed physicochemical characterization of PYZ loaded formulations 

indicated the formation of shell enriched NLC and NLCPEG formulations. The EE% and DL% 

of NLCPEG formulations were found to get improved in comparison to the conventional NLC 

systems. In addition to this, the release of the incorporated PYZ from the NLCPEG was also 

get sustained effectively in comparison to the conventional NLC. The layer of PEG 2000 

provided a better control over the release of the hydrophilic drug PYZ. Hence, NLCPEG 

systems were found to be superior than the conventional NLC for the delivery of hydrophilic 

drug like PYZ. But detailed understanding of the role of nonionic polymer on the stability 

and performance of NLC formulations, more sophisticated studies like XRD (small and wide 

angle), FF-TEM, cryo TEM etc., are warranted. The relevant in vitro and in vivo biological 

studies are also required for the evaluation of their application potential. Those works are 

taken as the future prospective of our research group.  
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SUMMERY AND CONCLUSIONS 

 

CHAPTER 1 focused on the effect of the fatty acids on the physicochemical stability of 

the NLC formulations. In this work SLC, TS and four different FAs were used for the 

preparation of NLC formulations. Conventional hot homogenization followed by 

ultrasonication technique was used for the preparation of NLC systems. Before preparing the 

formulations, some suitable lipid compositions were taken by considering the mutual 

miscibility for the mixed lipidic systems. The mutual miscibility among the lipidic systems 

were assessed by the langmuir monolayer approach. It was observed that, presence of 20% 

FA provides the maximum stability to the mixed lipidic systems. Prepared NLC formulations 

were characterized using DLS, DSC, FF-TEM, UV-Visible spectroscopy, fluorescence 

spectroscopy. The average size of the NLC formulations were found in the range of 300 – 

500 nm. The formulations were found to be stable for 45 days. A natural polyphenolic 

compound curcumin was used as a model drug for the prepared formulations. The miscibility 

of curcumin with the lipid systems was also assessed by the Langmuir monolayer approach. 

The repulsive interaction of curcumin with the lipid systems indicated the accumulation of 

the incorporated curcumin on the palisade layer of the studied formulations. Curcumin loaded 

NLC formulations were further characterized using the mentioned analytical approach. 

Enhancement in the size and reduction in the zeta potential value indicated the accumulation 

of curcumin on the palisade layer of the studied formulations. No significant change in the 

thermal properties were observed for the curcumin loaded NLC from the base NLC 

formulations. The observation indicated the retention of the internal morphology of the NLC 

formulation in the presence of curcumn. The spectroscopic investigation gives information 

regarding the polarity of the environment of loaded curcumin. The observed polarity signifies 

the surface accumulation of it. The crystallinity of the NLC formulations were also found to 

get influenced by the different FAs. It was observed that, SA was found to provide the mostly 

compact system. On the other hand LA comprised formulations were found to be fluidic in 

nature. The drug incorporation and the drug release property of the studied formulations were 

also get influenced by the crystallinity of the formulations. Being less crystalline, LA 

comprising formulations were found to give maximum drug incorporation efficiency and 

faster release of the incorporated drug. On the other hand, the compact nature of the SA 

loaded formulations was not allowed curcumin to get incorporated easily and also slow down 

the release phenomenon of the incorporated curcumin. The biological activity of the 
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curcumin loaded formulations was also studied against Bacillus amyloliquefaciens. The 

antibacterial activity of the curcumin loaded formulations was found to be higher than the 

native curcumin. Conventional cup plate method was used for the investigation of the 

antibacterial activity of the studied formulations. 

CHAPTER 2 was primarily focused in the improvement of the drug incorporation and the 

drug loading capacity of the amphiphilic drug to the NLC formulation. In the present study 

CHR and prepared LCDs of CHR were used as drug. LCDs were prepared by incorporating 

long hydrocarbon chain to native CHR. CP, TP and OA were used in the molar ratio 2:2:1 for 

the preparation of the NLC formulation. The lipid ratio was obtained by analyzing the mutual 

interaction among the lipids by Longmuir monolayer system. Langmuir monolayer approach 

was also employed to understand the mutual miscibility among CHR and LCDs separately 

with the selected lipid system. CHR and LCDs were found to show repulsive and associative 

interaction with the lipid systems respectively. The base and the drug loaded formulations 

were characterized by DLS, DSC, TEM, FF-TEM, AFM to investigate the physicochemical 

stability of the formulations. The prepared formulations were found to be stable for 90 days. 

DLS, DSC, TEM, FF-TEM and AFM studies indicated that the CHR get accumulated on the 

palisadelayer of NLC formulations. On the other hand, LCDs get incorporated in the core of 

NLC formulations. The enhanced lipophilicity of the LCDs were mainly responsible for the 

observation. The incorporation efficiency and the drug loading capacity of the LCDs were 

found to be higher than the native CHR. The incorporation efficiency and the drug loading 

capacity of the LCDs on the NLC formulations were found to get enhanced with increasing 

the hydrocarbon chain. Maximum incorporation efficiency and drug loading were observed 

for CHR18. Release of native CHR and LCDs from NLC systems was also studied. LCDs 

were found to show sustain release in comparison to the native CHR. CHR18 was found to 

show the most sustained release profile among the other studied LCDs. CHR and LCDs 

loaded NLC formulations were also subjected for the anticancer activity studies against 

human neuroblastoma (SHSY5Y) cell line. The activity of the LCD loaded NLC 

formulations were found to be higher than the CHR loaded NLC formulations. Promising 

drug incorporation efficiency, drug loading capacity and anticancer activity of the LCD 

loaded NLC formulations prove them as the advantageous alternate of CHR loaded NLC 

formulation. 

In the CHAPTER 3, a well stabilized conventional NLC (SLC : TS : PA, 2:2:1, M/M/M) 

formulation was taken and NLCIPA was prepared by partially replacing SLC by synthetically 

prepared IPA. The ratio of SLC/IPA was optimized by analyzing their mutual miscibility 
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using Langmuir monolayer approach. SLC/IPA ratio 40: 60, 30: 70 and 20: 80 were selected 

for the preparation of NLCIPA. Prepared NLCIPA were characterized along with the 

conventional NLC formulation using DLS, DSC, TEM, FF-TEM and AFM. The stability of 

the IPA modified NLC formulations were found to be higher than the conventional NLC 

formulations. IPA lowers the lipid modification and enhances the stability of NLCIPA. Among 

the studied NLCIPA, formulation having SLC/IPA ratio 30 : 70 was found to have least 

structural disorder and the maximum stability. OLA as model drug was introduced into the 

studied systems. OLA loaded formulations were also subjected for detailed physicochemical 

characterization. The characterization of the drug loaded formulation indicated the surface 

accumulation of OLA on NLC and NLCIPA. The amphiphilic character of OLA was 

responsible for its surface accumulation. Due to the surface accumulation of OLA, shell 

enriched type NLC and NLCIPA were proposed for the studied formulations. The EE% and 

DL% of the NLCIPA were found to get increased in comparison to the conventional NLC 

formulation. Control and sustained release of OLA was observed for NLCIPA.  Anticancer 

activity of OLA loaded conventional NLC and NLCIPA were studied on Hepatocellular 

carcinoma (HepG2), hepatocyte-derived carcinoma (Huh-7) and colorectal carcinoma (HCT-

116) cell lines. Considerably higher activity was observed for NLCIPA in comparison to the 

conventional NLC. Considering the obtained results, it can be conclude that the IPA is an 

advantageous alternate of conventional phospholipid. The presence of IPA enhances the 

physicochemical stability and performance of OLA loaded NLCIPA. 

CHAPTER 4 mainly focused in the preparation and characterization of NLCPEG 

systems developed for the delivery of the water soluble drug, PYZ. Non ionic polymer, PEG 

2000 was employed for the preparation of NLCPEG systems. HSPC, TS and OA with a molar 

ratio 2 : 2: 1, M/M/M was taken for the preparation of NLC and NLCPEG. The nonionic 

polymer was introduced in aqueous 2 mM Tween 60 solution which was the dispersion 

medium for the studied formulation. 0.01 (W/V)% PEG 2000 was found to be optimum for 

the physicochemical stability of NLCPEG. NLCPEG formulations were found to be more stable 

than the conventional NLC formulations. Significant lowering in lipid modification and size 

enhancement signified the stability of NLCPEG. PEG 2000 was found to form an additional 

layer over the palisade layer of the lipid system and significantly improves the  steric stability 

of NLCPEG systems. PYZ was taken as the water soluble drug for this work and successfully 

incorporated in the NLC and NLCPEG formulations. Physicochemical characterization of PYZ 

loaded formulations signified the formation of shell enriched NLC and NLCPEG. EE% and 

DL% of NLCPEG were found to be higher than the conventional NLC . Release of PYZ from 
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NLCPEG was sustained than the conventional NLC. The presence of PEG 2000 layer gives a 

better hold over the release of PYZ. Hence, NLCPEG systems were advantageous over the 

conventional NLC for the delivery of PYZ..  
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1  Introduction
Among the different nanocolloidal drug delivery systems, 

lipids excel, e.g., because of their biocompatibility, ease of 
storage, targeted delivery, and facile control over the 
release process1, 2）. Aside from micelles, microemulsions, li-
posomes, cubosomes, and hexosomes3－8）, other lipid carri-
ers are solid lipid nanoparticles（SLNs）and modified SLNs, 
also known as second-generation nanolipid carriers1, 9）. 
SLNs are formulated by the replacement of oil–in-water（O/
W）emulsion by solid lipids with the average diameter 
50–1000 nm. In case of modified SLNs, such systems have 
distinct multicrystalline internal morphology because they 
are composed of structurally different lipids（solid-solid or 
solid-liquid）. Second-generation SLNs thus are superior to 
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the other delivery systems and have emerged as an effec-
tive alternative1, 10）. Reduced drug expulsion, enhanced 
drug incorporation efficiency, prolonged physical stability, 
and the ease of production of second-generation SLNs 
have made them promising drug delivery systems11）. De-
tailed research on the physicochemical properties of SLNs 
and practical applications to different routes of drug ad-
ministration have been well documented in the literature2）. 
In case of second-generation SLNs, however, the reports 
are sparse, and studies on the physicochemical properties, 
especially on long-term stability, are rare. Thus, systematic 
research on suitable lipid blends, physicochemical stability, 
and drug payload of modified SLNs is relevant at present.

Selection of an appropriate blend of lipids is key to 

Abstract: Mutual miscibility of soylecithin, tristearin, fatty acids (FAs), and curcumin was assessed by 
means of surface pressure–area isotherms at the air-solution interface in order to formulate modified solid 
lipid nanoparticles (SLN). Appearance of minima in the excess area (Aex) and changes in free energy of 
mixing (∆G0

ex) were recorded for systems with 20 mole% FAs. Modified SLNs, promising as topical drug 
delivery systems, were formulated using the lipids in combination with curcumin, stabilized by an aqueous 
Tween 60 solution. Optimal formulations were assessed by judiciously varying the FA chain length and 
composition. Physicochemical properties of SLNs were studied such as the size, zeta potential (by dynamic 
light scattering), morphology (by freeze fracture transmission electron microscopy), and thermal behavior 
(by differential scanning calorimetry). The size and zeta potential of the formulations were in the range 
300–500 nm and –10 to –20 mV, respectively. Absorption and emission spectroscopic analyses supported the 
dynamic light scattering and differential scanning calorimetry data and confirmed localization of curcumin 
to the palisade layer of SLNs. These nanoparticles showed a sustained release of incorporated curcumin. 
Curcumin-loaded SLNs were effective against a gram-positive bacterial species, Bacillus amyloliquefaciens. 
Our results on the physicochemical properties of curcumin-loaded SLNs, the sustained release, and on 
antibacterial activity suggest that SLNs are promising delivery agents for topical drugs.

Key words: SLN, fatty acid, curcumin, DLS, DSC, entrapment, release kinetics
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obtain stable SLN dispersion. Although there are no strict 
rules of thumb, the usual components of SLNs include fatty 
acids（FAs）, monoglycerides, diglycerides, triglycerides, 
waxes, liquid lipids, and ionic lipids12）. The wax-based SLNs 
are more stable, but they suffer from the major limitations 
like crystalline modification and drug expulsion during 
storage13）. Recently, our research group reported stable 
SLNs whereby the waxy material had been replaced by an 
unsaturated phospholipid, soy lecithin（SLC）14, 15）. In 
another report, Wong et al.16） suggested that longer-chain 
FAs can undergo slower crystallization as compared to the 
short-chain analogs. Nonetheless, no reports on the sys-
tematic studies involving a series of FAs are available in the 
literature where the waxy material has also been replaced 
by an unsaturated/oily phospholipid. The aim of the 
present study was to elucidate the combined effects of the 
variation in the concentration and chain length of a FA for 
the purposes of enhanced physicochemical stability and a 
superior drug payload.

Curcumin, commonly known as turmeric, is a low-molec-
ular-weight polyphenolic natural product. It has good anti-
oxidant properties with a broad spectrum of biological ap-
plications: for example, treatment of inflammatory 
disorders, cancer, HIV infections, cystic fibrosis, and Al-
zheimer’s disease17－19）. In spite of this wide range of appli-
cations, the limited aqueous solubility and low bioavailabil-
ity restrict curcumin’s use as a possible therapeutic agent. 
Suitable delivery systems would thus be needed to enhance 
its bioavailability. SLNs and liposomes can be helpful in this 
regard19－23）. On the other hand, reports on the use of modi-
fied SLNs as a carrier of curcumin are scarce24）. Hence, the 
long-term stability of curcumin loaded into modified SLNs 
and its release are interesting topics of research21）. Due to 
the presence of a chromophoric group, curcumin shows 
strong absorption and emission spectra in the ultraviolet
（UV）-visible region. A polarity-dependent shift in the ab-
sorption and emission spectra of curcumin can be used to 
assess the state of polarity and rigidity of SLNs without the 
need for an additional molecular probe.

A lipid monolayer at the air-solution interface can simu-
late the experimentally observed interaction between lipid 
molecules in self-aggregated assemblies, and a similar 
concept can be extended to a mixture of lipids. In order to 
exploit these possibilities, studies on interfacial behavior of 
the components to be used for formulation of SLNs are ur-
gently needed. Mutual miscibility among the components 
at the air-solution interface can be assessed simply by ana-
lyzing the surface pressure–area（π–A）isotherms. Such 
studies can also help to understand the packing behavior 
of the hydrocarbon chains, which subsequently influences 
formation and stability of the aggregates in the form of 
SLNs.

In the present study, a series of modified SLNs contain-
ing SLC, tristearin（TS）, and FA were formulated and char-

acterized with a special emphasis on the effects of FA con-
centration and chain length（C12–C18）. Studies on 
monomolecular films of lipids in different molar ratios were 
performed to identify the optimal lipid composition（misci-
bility）for preparation of SLNs. Curcumin, as a possible 
drug, was incorporated into the systems under study to 
evaluate the interaction and associated thermodynamics of 
the mixed monolayer. Characterization of the formulated 
SLNs was then carried out: we analyzed the size , zeta po-
tential（Z.P.）, and thermal behavior. Freeze fracture trans-
mission electron microscopy（FF-TEM）analysis was con-
ducted to obtain morphological information. Next, 
curcumin-loaded SLNs were subjected to absorption and 
emission spectroscopy and assays of fluorescence anisotro-
py, encapsulation, release, and antibacterial activity. We 
believe that such a comprehensive set of experiments 
should shed light on the role of FAs in the development of 
a promising drug delivery system for curcumin.

2  Materials and Methods
2.1  Materials

SLC（［（2R）-2,3-di（tetradecanoyloxy）propyl］-2-（tri-
methylazaniumyl）ethyl phosphate）was purchased from 
Calbiochem（Billerica, MA, USA）. This phospholipid con-
tains linoleic acid（62–65％）and palmitic acid（15–17％）as 
stated by the manufacturer. TS and curcumin［1,7-bis
（4-hydroxy-3-methoxyphenyl）-1,6-hepatadiene-3,5-dione］
were purchased from Sigma-Aldrich Chemicals（USA）. 
Lauric acid（LA）, myristic acid（MA）, palmitic acid（PA）, 
stearic acid（SA）, and the nonionic surfactant Tween 60, all 
of analytical grade, were purchased from Sisco Research 
Laboratory, India. All the reagents were ＞99.5％ pure and 
were used as received. High-performance liquid chroma-
tography（HPLC）-grade solvents from E. Merck（Mumbai, 
India）were used in relevant experiments. Double-distilled 
water with specific conductance of 2–4 μS（at 25 ℃）was 
used throughout the study.

2.2  Preparation of SLNs
SLNs were prepared using the standard method of hot 

homogenization followed by ultrasonication14, 24）. Further 
details are available in our recent publications14, 15）. SLN 
suspensions were stored at 4 ℃ in the dark. In all the for-
mulations, total lipid concentration was kept at 1 mM and 
SLC and TS were used in equimolar amounts. The FA pro-
portion was varied in the range 5–30 mole％（with respect 
to total lipids）with an increment of 5 mole％. In the case of 
curcumin-loaded SLNs, 20 mole％ of FA was used.

2.3  Analytical equipment 
Langmuir surface balance（Micro Trough X, Kibron, 

Finland）was used for recording the π–A isotherms. Either 
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pure water or a 10 mM Tween 60 solution was used as the 
subphase. In the present set of assays, a trough with the 
area of 137 cm2（232×59 mm）was used. A monolayer was 
generated by carefully spreading 10 μL of a 1 mM chloro-
form-methanol（3:1）solution of lipids onto the surface with 
a HamiltonTM（USA）microsyringe. The solvent was allowed 
to evaporate for 20 min. After formation and equilibration 
of the monolayer film, the barriers were compressed at the 
rate of 5 mm/min25）. The hydrodynamic diameter（dh）, Z.P., 
and polydispersity index（PDI）were measured on a dynam-
ic-light-scattering（DLS）spectrometer（Nano ZS 90, 
Malvern, UK）. Morphological features of the SLNs were 
studied under a freeze fracture transmission electron mi-
croscope（H-7650, Hitachi Science Systems Ltd., Japan）. 
Differential scanning calorimetric（DSC）analysis was per-
formed on a DSC 1 STARe system（Mettler Toledo, Switzer-
land）with a scan rate of 2 ℃・min－1. A 40-μL sealed alumi-
num pan was used for the DSC experiments. A pan 
containing a dispersion medium（10 mM Tween 60）served 
as a reference14）. Absorption and emission spectroscopic 
assays of curcumin-loaded SLNs were conducted by means 
of a UV-vis spectrophotometer（UVD-2950, LaboMed Inc., 
USA）and bench-top spectrofluorimeter（Quantummas-
ter-40, Photon Technology International, USA）, respective-
ly. Fluorescence anisotropy values were calculated accord-
ing to the following equation25）:

r＝ IVV－GIVH

IVV＋2GIVH

 （1）

where, IVV and IVH are the fluorescence intensity values, and 
the subscripts indicate the position of the excitation and 
emission polarizer. G is the grating correction factor（G＝
IHV/IHH）.

2.4    Experiments on entrapment efficiency（EE）and drug 
loading（DL）capacity

The percentage of curcumin entrapped in SLNs was esti-
mated by the method of centrifugation26）. EE and DL ca-
pacity of SLNs were calculated as follows26）:

EE％＝ WTC－WFC

WTC

×100％ （2）

DL％＝ WTC－WFC

WTC－WFC＋WTL

×100％ （3）

where, WTC, WFC, and WTL represent the total amount of 
curcumin, free curcumin, and total amount of lipids, re-
spectively.

2.5    In vitro drug release assays and release kinetics as-
says

A dialysis bag with the limit 12 kDa（Sigma-Aldrich）con-
taining 10 mL of a curcumin-loaded SLN formulation was 
suspended in 20 mL of the release medium（aqueous 10 
mM Tween 60）27）. The experiment was carried out under 
sink conditions at room temperature with constant stirring. 
A 5 μM curcumin solution in 10 mM Tween 60 served as a 

control. The released curcumin was quantified colorimetri-
cally.

2.6  Antibacterial activity
The cup-plate method28） was applied to evaluate the an-

tibacterial activity of curcumin-loaded SLNs. These experi-
ments were performed on Bacillus amyloliquefaciens（a 
gram-positive bacterium isolated from soil）. The antibacte-
rial activity was assessed by calculating the zone of inhibi-
tion.

All the experiments, unless otherwise stated, were 
carried out at 25 ℃.

3  Results and Discussion 
3.1  Interfacial behaviour of the monomolecular �lms

In order to assess the optimal lipid composition and to 
evaluate the impact of FAs and of curcumin, we construct-
ed π–A isotherms of the lipids and curcumin in its pure 
form and in the form of mixtures. The lift-off area for SLC, 
TS, PA and curcumin appeared at 1.28, 0.63, 0.25 and 0.51 
nm2 molecules－1, respectively（Fig. 1A）. The obtained 
results were found to be in good agreement with the litera-
ture data29－31）. In case of pseudobinary lipid mixtures with 
water（panel B）and the Tween 60 solution（panel C）as the 
subphase, an isotherm of the pseudobinary mixed mono-
layer approached the isotherm of the pure FAs with the in-
creasing proportion of FA. Initially, the surface pressure 
was zero when water served as the subphase. In case of the 
Tween 60 solution, however, when it served as the sub-
phase, the surface pressure increased to a finite value（2–3 
mN m－1）. Initially, the observed surface pressure was 
nonzero, but the equilibrium surface tension of the 10 mM 
Tween 60 solution was subtracted from the surface pres-
sure of the phospholipid and/or FAs and curcumin. With 
the increasing surface pressure, a steady increase in the 
surface pressure was observed until the collapse pressure 
was achieved.

The inherent surface activity of Tween 60 was mainly re-
sponsible for the initial increase in surface pressure. No 
systematic variation in the collapse pressure with the pro-
gressive addition of FA was observed in the π–A isotherm 
of the lipid aggregated systems in the present study. The 
presence of three structurally different lipids makes the 
orientation of the monolayer complicated in the close-
packed state. Thus, for detailed understanding of the varia-
tion in the collapse pressure as a function of lipid composi-
tion and the nature of the monolayer in the close-packed 
state, we needed fluorescence microscopic analysis. Fluo-
rescence microscopy is mainly helpful for detection of 
phase transitions during the monolayer compression by 
means of a change in the molecular density . The maximum 
molecular density is attained in the solid state when the 
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monolayer is completely compressed. Furthermore, an in-
crease in pressure leads to disruption of the monolayer, 
judging by the sudden change in the molecular orientation 
in the monolayer according to fluorescence microscopy as 
well as a sudden drop in the surface pressure in the π–A 
isotherm. This phenomenon is mainly governed by interac-
tions between the lipidic components. This assay will help 
to elucidate the nature of the monolayer in the collapse 
state. In addition to fluorescence microscopy, the Brewster 
angle microscopic method can be employed to shed light 
on this issue. These are our plans for future studies.

Tween 60 enhanced both the lift-off area and initial 
surface pressure for all the systems, indicating expansion 
of the monolayer because of its hydrocarbon moiety32）. In 
all cases, the lift-off area was found to be up-shifted when 
Tween 60 was used as the subphase, as compared to the 
lift-off area of isotherms of the amphiphiles with water as 
the subphase. This enhancement of the lift-off area was 
mainly due to the presence of Tween 60 molecules along 
with the lipid molecules in the monolayer. In the close-
packed state, lipid molecules attain the closest distance 
among them in the monolayer formed at the air-water in-

terface. The TS molecules behave in a similar manner. In 
this situation, the free movement of the hydrocarbon 
chains becomes restricted at the interface. This process re-
sembles formation of a solid state in the close-packed con-
figuration. After further compression of the monolayer, 
surface pressure started decreasing, which indicated the 
inability of the amphiphiles to withstand higher surface 
pressure. Possible desorption of the amphiphiles into the 
subphase in the form of vesicles or other organized assem-
blies could be the causative factor of such a phenomenon.

Compressibility modulus（Cs
－1）is defined as the recipro-

cal of film compressibility（Cs）, which denotes the resis-
tance of a monolayer to compression25）. The state of a 
monolayer at the air-solution interface depends on factors 
as hydrocarbon chain ordering and tilting of polar head 
groups25）. Cs

－1 was calculated from the data on surface 
pressure（π）and ％ compressed area（％A）using the follow-
ing formula25）:

Cs
－1＝－A（ dπ

dA ）T
 （4）

Representative variation of Cs
－1 with the percentage of 

compressed area and surface pressure for some systems is 
shown in Fig. 2. 

Cs
－1 values increased steadily and passed through 

maxima（left panel of Fig. 2）. Multimodal nature of the 
profile Cs

－1 versus ％A was observed for SLC＋TS mixed 
monolayer（1:1, M/M, inset of the left panel）, which disap-
peared with the addition of FA, indicating enhanced molec-
ular association induced by added FA. We found that with 
compression of the surface area, the compression moduli 
increased in all the cases. But in case of the system without 
FA（SLC＋TS, 1:1, M/M）, the progression was not smooth 
in contrast to the systems containing FAs. The unevenness 
in the profile Cs

－1 vs. ％A indicated lesser molecular asso-
ciation between TS and SLC in the absence of any FA. FAs 
facilitated the molecular association among the lipid com-

Fig. 2　 Dependence of compression moduli（Cs
－1）of（SLC

＋T S＋FA ,  2 : 2 : 1 ,  M / M / M）m o n o l a y e r  w i t h 
percentage of area compressed and surface 
pressure（π）at 25℃. 10 mM aqueous Tween 60 
solution was used as subphase. FAs are mentioned 
inside the figure.

Fig. 1　 Surface pressure（π）– area（A）isotherm of SLC（1）, 
TS（2）, PA（3）and curcumin（4, panel A）and mixed 
monolayer of SLC＋TS（1:1）and PA（panel B and 
C）. Panel D describes the π-A isotherms of mixed 
monolayer of（SLC＋TS＋ PA, component 1）and 
curcumin（component 2）. While pure water was 
used for A & B, 10 mM aqueous Tween 60 solution 
was used as subphasein C and D. Mole％ of PA（B 
and C）: 5 &10, 0; 6 &11, 10; 7 &12, 20; 9 &13, 80 
and 8 &14, 100. Mole％ of curcumin（Panel D）: 15, 
0;16, 80; 17, 40; 18, 50; 19, 60 and 20, 100.
Temperature 25℃.
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ponents, according to the observed steady progress of the 
Cs
－1 vs. ％A profile. Enhanced molecular association in the 

presence of FA was responsible for the observed phenome-
non. The slope of the Cs

－1 vs. ％A curves increased with 
the increasing FA chain length; increase in the slope of the 
Cs
－1 vs. ％ A curve was also due to increased molecular as-

sociation owing to the van der Waals interaction among the 
hydrocarbon chains of the lipids and formation of a con-
densed monolayer with FA33）. Cs

－1 values increased with 
the increasing surface pressure and passed through 
maxima, just as the Cs

－1 vs. ％A curves did（right panel of 
Fig. 2）. Maximal Cs

－1（68.9 mN.m－1）was observed for the 
SLC＋TS mixed monomolecular film（1:1, M/M）. There was 
a decrease in the Cs

－1 values with the incorporation of FA. 
A further reduction in Cs

－1 was noted with the increasing 
FA chain length; this result was indicative of an associative 
interaction and formation of a condensed or compact or 
rigid monolayer under the influence of FA33）.

For an ideal mixed monolayer, the mean molecular area
（Aid）can be expressed as25）

Aid＝x1A1＋x2A2 （5）

where, x and A are the molar fraction and area of an indi-
vidual component. The excess molecular area（Aex）was cal-
culated as25）

Aex＝A12－Aid （6）

where, A12 is the experimentally obtained mean molecular 
area of the mixed monolayer. In case of Tween 60 as the 
subphase, the obtained results were normalized to the 
surface activity of Tween 60. The resulting initial pressure 
due to the surface activity of Tween 60 was subtracted 
from the resulting isotherm to cancel out the contribution 
of Tween 60. Thus, by normalizing the isotherm of the 
surface pressure area, we ignored the contribution of 
Tween 60 for the sake of simplicity of the calculation of the 
excess molecular area（Aex）and changes in excess free 
energy（ΔGex）for the isotherm in which Tween 60 served as 
the subphase.

Representative results on the PA-containing systems are 
shown in Fig. 3 along with the changes in excess free 
energy of the mixing process. In case of FAs, the observed 
negative deviation from ideality indicated an associative in-
teraction among the components25, 30）. Appearance of 
minima at 20 mole％ FA indicates maximal association 
among the components. Additional stability for 20 mole％ 
FA-containing systems was further characterized by means 
of the excess free energy（ΔG0

ex）vs. composition profile
（panel B of Fig. 3）. Excess free energy of mixing was cal-
culated using the following expression25, 30）:

ΔG0
ex＝∫

0

π［A－（x1A1＋x2A2）］dπ� （7）

A decrease in the negative magnitude of Aex and ΔG0
ex 

value was observed with the increase in the FA amount 

above 20 mole％ irrespective of the FA chain length. 
Because of the obtained minima, 20 mole％ FA was 
assumed to be the optimal amount for further experiments.

Miscibility of curcumin with the lipid mixtures（SLC＋TS
＋FA, 2:2:1, M/M/M, considered a single component）was 
also studied at the air-solution interface. Representative 
isotherms of a PA-containing lipid mixture with varying 
mole％ levels of curcumin are shown in panel D of Fig. 1. 
No systematic variation in the π–A isotherms with the pro-
gressive addition of curcumin was observed. The profiles of 
Aex and ΔG0

ex vs. curcumin mole％ are shown in panels C 
and D of Fig. 3, respectively. Positive deviations in Aex indi-
cated a repulsive interaction between curcumin and the 
lipids. Inclusion of curcumin into the palisade layer, due to 
its rigid and amphiphilic nature, resulted in expansion of 
the monolayer.

3.2  Solution behavior of SLNs（DLS studies）
The dh, Z.P., and PDI are markers of physicochemical 

stability and performance of SLNs34）. Values of dh and PDI 
at different times are shown in Fig. 4. The sizes of SLNs 
were in the range 300–500 nm. In each and every case, the 
maximal possible size obtained in the size distribution was 
recorded. The size distribution curve of some representa-
tive systems is shown in Fig. S1（supplementary section）. 
An asymmetric unimodal size distribution（as shown in Fig. 
S1）indicates heterogeneity in the formation of SLNs. SLN 
formulations comprising 5–30 mole％ FA（with an incre-

Fig. 3　 Variation of excess molecular area（Aex）and excess 
free energy change（ΔG0

ex）with PA and curcumin 
mole％. For panel A, B: Component 1: SLC＋TS
（1:1, M/M）, Component 2: PA. Forpanel C, D: 
Component 1: SLC＋TS＋PA（2:2:1, M/M/M）, 
Component 2: curcumin.Surface pressure（mN m－1）: 
○, 5; △, 10; □, 15; ▼, 20; ◇, 25 and △ , 30. 
Temperature: 25℃.
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ment of 5 mole％）were subjected to DLS measurements. 
The size of SLNs was not significantly dependent on FA 
content, but a mild size constriction for 20 mole％ FA-con-
taining systems was recorded. The observed reduction in 
size indicated formation of well-organized and compact 
packing of the lipid molecules at this composition. The 
monolayer experiments also supported the above observa-
tion. The maximal associative interaction was observed 
with 20 mole％ FA-containing systems clearly indicating 
formation of a condensed system. Furthermore, the result-
ing maximal negative excess free energy（ΔG0

ex）provided 
additional stability to the 20 mole％ FA-containing system. 
Our results imply that 20 mole％ FA was the optimal 
amount for imparting stability to SLNs.

An overall increase in the size of SLNs with time was ob-
served here, except for SA. The size increase with time in-
dicated ongoing crystalline modification during storage35）. 
The rate of crystalline modification towards more compact 
structures was found to be higher for LA and MA than for 
PA and SA. These results could be explained by the smaller 
hydrocarbon chain and the low melting point of LA and 
MA, according to Wong et al.16）. No significant change in 
size for PA and SA indicates formation of a more organized 
SLN because of the compatibility between PA/SA and the 
other lipids（in terms of hydrocarbon chain length）. Such 
observations are in agreement with the results of monolay-
er studies（a reduction in Cs

－1 and an increase in the slope 
of the Cs

－1 vs. ％ A profile in case of PA and SA, relative to 
LA and MA）. All the formulations became unstable after 45 
days, as revealed by a drastic size increase. Curcumin-
loaded SLNs followed an almost similar size–time profile as 
that of the blank SLNs; this phenomenon prompted us to 
conclude that curcumin was in the palisade layer and did 

not interfere with the crystalline modification taking place 
in the core of SLN matrices36, 37）. Increased PDI with added 
curcumin points to its irregular surface accumulation. We 
observed no marked effect of the curcumin concentration 
on PDI. 

Substantial Z.P. ensures the physical stability of SLNs by 
preventing particle aggregation during storage. For the 
systems under study, Z.P. values were in the range －10 to 
－20 mV. Tween 60 suppressed Z.P. by shielding the 
surface charge of the SLN38－40）. The steric stabilization is 
the stabilization facilitated by the polyoxyethylene moiety 
of Tween 60 present in the SLN particle; this moiety pro-
tects the particles from coagulation. Because in the present 
series of experiments, we used a nonionic surfactant, the 
presence of the surfactant layer caused a reduction in the 
surface charge of SLN. Electrostatic stabilization and steric 
stabilization work in combination toward stabilization of an 
SLN. Hence, a reduction in the surface charge by the sur-
factant layer is compensated by the steric stabilization. Ir-
regular variation in Z.P. with the increasing FA concentra-
tion was ambiguous and needs further research. 

Curcumin reduced the negative Z.P. value of SLNs. Z.P. 
did not change systematically with the curcumin concen-
tration. Z.P. values for the curcumin-loaded systems were 
in the range －7 to －9 mV. A reduction in the magnitude 
of negative Z.P. accounts for the location of curcumin in 
the palisade layer of an SLN. The presence of curcumin in 
the palisade layer ensures masking of the surface charge of 
SLNs. Hence, the observed reduction in the surface charge 
was mainly due to the incorporation of curcumin into the 
palisade layer. The presence of curcumin in the interface 
resulted in a nonpolar environment, which suppressed the 
FA dissociation38）.

3.3  Morphological analysis
Morphological features of the SLNs were studied by 

FF-TEM. The resulting representative images of SLNs with 
PA in the absence or presence of curcumin are shown in 
Fig. 5. SLNs were nearly spherical with some surface im-
perfections, and the size ranged between 200 and 300 nm, 
in line with the DLS data. We observed uneven surface 
morphology of the curcumin-loaded SLNs, in contrast to 
the SLNs without curcumin in our FF-TEM analysis. The 
observed unevenness of the surface indicated the presence 
of curcumin in the palisade layer of SLNs.In addition, cur-
cumin promoted formation of aggregated structures from 
two or more SLNs whereby curcumin acted as an “adhe-
sive/glue” between two SLN particles. An increase in the 
hydrodynamic diameter and in PDI for the curcumin-load-
ed SLNs also were the indication of the formation of the 
aggregated structures.

3.4  DSC analysis
Effects of FAs and curcumin on SLNs were also explored 

Fig. 4　 Variation in hydrodynamic diameter（dh）and 
polydispersity index（PDI）with time for SLNs（SLC
＋TS＋FA, 2:2:1, M/M/M）. Samples were stored at 
25℃. FAs are mentioned inside the figure.
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by DSC. The results are summarized in Table 1. Blank 
SLNs with 15, 20 or 25 mole％ of FA were analyzed, and 
SLNs with 20 mole％ FA were used for curcumin-loaded 
systems. In all cases, although the endothermic heating 
curves were broader, the cooling curves were narrower and 
distinct（Fig. S2）. As in liquid crystalline systems, the tem-
perature of maximal heat flow in the cooling scan was 
found to be ～2–3 ℃ below that detected in the heating 
scan. The cooling thermograms were, therefore, used for 
further evaluation of the thermal parameters such as the 
temperature of maximal heat flow（Tm）, the difference 
between the initial and final temperature of the phase 
transition process（ΔT）, change in enthalpy（ΔH）, and heat 

capacity（ΔCp）14, 25）. DSC cooling thermograms of SLNs with 
different FAs are shown in Fig. 6. Tm values were in the 
range 26–30 ℃. The significant decrease in Tm for SLNs, as 
compared to the bulk mixture of lipids, was due to the de-
creased size of the aggregates according to the Thomson 
hypothesis20, 41）. The reduction in Tm was due to the multi-
crystallinity in SLNs as lipid blends, and Tween 60 was 
used in the formulation. 

Modified SLNs are prepared mainly from a lipid blend 
containing two or three structurally different lipids. The 
individual lipid molecules exist in their specific liquid crys-
talline arrangement. When lipid molecules are used for the 
preparation of SLNs, their original liquid crystalline ar-
rangements are altered under the influence of the other 
constituent lipids. This notion was supported by the results 
of the π–A isotherms. Isotherms of the mixtures were not 
simply additive as compared to their individual compo-
nents. For this reason, a modification of the liquid crystal-
line arrangement is observed with enhanced disarray in the 
modified SLN. Fig. 6 shows the effect of FA chain length on 
Tm for the systems with 20 mole％ FA. The system without 
any FA was also studied, and we found that the transition 
temperature（29.02 ℃）was lowered by FA via formation of 
multicrystalline structure. The Tm did not appreciably 
change for LA, MA and PA, but for SA, it increased to 30 ℃
（～28 ℃ for the others）. Well-organized compact molecu-
lar packing due to similarity in hydrocarbon chains 

Table 1　  Phase transition temperature（Tm）, peak width（ΔT）, change in enthalpy（ΔH）and heat 
capacity（ΔCp）of SLNs（SLC＋TS＋FA）.

Mole% of FA Tm/℃ ΔT/℃ (-)ΔH/ k cal mol–1 ΔCp/ kcal mol–1C–1

LA

 0 29.02  6.86 32.84 4.78
15 27.82  6.79 31.26 4.60
20 27.89  7.41 29.84 4.02
25 26.62 10.01 25.55 2.55

MA

 0 29.02  6.86 32.84 4.78
15 27.11  6.67 14.08 2.11
20 27.53  6.97 18.19 2.60
25 26.66  8.81 21.24 2.41

PA

 0 29.02  6.86 32.84 4.78
15 28.5  6.41 20.25 3.16
20 27.74  7.13 13.06 1.83
25 26.92 10.60 16.89 1.59

SA

 0 29.02  6.86 32.84 4.78
15 28.79  6.92 26.04 3.76
20 30.59  3.47  1.31 0.37
25 30.69  3.45  2.51 0.73

Concentration of the SLNs were kept fixed at 5 mM. All the DSC studies were performed on day1. Scan 
rate: 2 ℃ min－1.

Fig. 5　 FF-TEM images of SLN（SLC＋TS＋PA, 2:2:1, M/M/
M）in the absence（A）and presence（B）of curcumin. 
Scale bar: 500 nm.
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between TS and SA resulted in the up-shift of the melting 
temperature. A significant decrease in the difference 
between the onset and final temperature of the phase tran-
sition process（ΔT）for SA-containing systems was noticed, 
whereas for all other systems, the increasing ΔT value indi-
cated enhanced multicrystallinity. We observed no system-
atic variation in ΔT as a function of the FA chain length.

Both ΔH and ΔCp decreased with increasing mole％ of 
FA, and these effects were more prominent for the longer 
chain FAs16）. Small-chain FAs can melt to a higher extent; 
hence, for those systems, a greater amount of thermal 
energy would be required for the phase transition. No 
major changes in the thermal behavior of SLNs with various 
proportions of curcumin（2.5 to 7.5 μM）were noted, indi-
cating the insignificant effect of the curcumin proportion 
on the thermal behavior of SLNs because of curcumin’s lo-
calization to the interfacial region of SLNs.

In this study, we found that SA-containing SLNs are 
more compact in comparison with the SLNs containing 
other FAs. The similarity in the hydrocarbon chain length 
between TS and SA resulted in compact molecular packing 
in SLNs. LA, MA and PA were found to produce SLNs with 
greater multicrystallinity. The structural compatibility 
between SA and TS should lead to well-organized arrange-
ment of molecular assembly in the SLN containing SA. The 
increased van der Waals attraction for the SA-containing 
system also facilitated the molecular organization and for-
mation of a compact system. The enhanced van der Waals 

interaction was also observed in the monolayer assays con-
taining SA. Nevertheless, for systems containing LA and 
MA, the structural mismatch led to the formation of a less-
organized system with a higher degree of multicrystallinity. 
The strength of the van der Waals interaction was compar-
atively smaller due to the presence of a short hydrocarbon 
chain, in comparison with SA. PA-containing systems were 
found to have intermediate properties. Due to the mis-
match between hydrocarbon chains among the lipidic com-
ponents, it is difficult for them to form well-organized mo-
lecular packing. Thus, structural dissimilarity leads to the 
formation of morphological defects as well as surface im-
perfections in the SLNs and makes the system multicrystal-
line. Conversely, structural similarity promoted well-orga-
nized molecular  packing,  thus leading to  lesser 
multicrystallinity in SLNs.

3.5  Spectroscopic analysis
UV-visible absorption spectra of curcumin were recorded 

in different solvents, as was done for curcumin loaded into 
SLNs（panel A, Fig. 7）. Appearance of broad spectra with 
shoulders on either side of the maxima（λmax）indicates the 
existence of more than one tautomeric form（keto-enol tau-
tomerism）of curcumin42）. The shoulders were less promi-
nent in solvents of higher polarity43）. A red shift in λmax with 
the increasing solvent polarity was noticed for aprotic sol-
vents, but for protic solvents, there was a blue shift in λmax 
with the increasing solvent polarity（Fig. S3）. This finding 
is in agreement with another study43）. In case of SLNs, the 

Fig. 6　 DSC cooling thermograms of 5 mM SLNs（SLC＋TS
＋FA, 2:2:1, M/M/M, stabilized by 10 mM aqueous 
Tween 60）with different fatty acids（1, LA; 2, MA; 
3, PA and 4, SA）. Scan rate: 2 ℃ /min.

Fig. 7　 Absorption（A）and emission（B）spectra of 5 μM 
curcumin in different solvents（A1, B1）and SLNs
（SLC＋TS＋FA, 2:2:1, M/M/M）（A2, B2）at 25℃. 
Systems: 1 & 9, n-hexane; 2 & 10, aqueous 10 mM 
Tween 60; 3 & 12, acetonitrile; 4 & 11, ethanol; 5 & 
13, SA; 6 & 14, PA; 7 & 15, MA and 8 & 16, LA. λex

＝419 nm.
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λmax values appeared at 422 nm. The insignificant change in 
the λmax values under the influence of FA chain length vari-
ation is also suggestive of the localization of curcumin to 
the palisade layer of the SLNs. A linear variation in the ab-
sorption maxima of curcumin with changes in the dielectric 
constant of the medium was observed（Fig. S3）. Judging by 
such a profile, one can predict the polarity of curcumin 
loaded into an SLN14）. The dielectric constant of the cur-
cumin loaded intoSLNs was found to be ～33（close to that 
of methanol）during comparison with the shift in polar 
protic solvents. This result is indicative of localization of 
curcumin to a more hydrophilic environment, in the pali-
sade layer of SLNs14）.

As in the absorption spectra, a solvent-dependent shift 
in the emission maximum was recorded（panel B, Fig. 7）42）. 
Unlike the absorption spectra, the fluorescence spectra of 
curcumin-loaded SLNs were more symmetrical, with the 
maximum appearing at 487 nm, regardless of FA chain 
length. Emission spectra of curcumin in most of the sol-
vents were unimodal except for n-hexane（structured 
bands）44）. The absence of a significant difference between 
the emission spectra of curcumin in Tween 60 and in the 
prepared formulations confirmed that the molecularly dis-
persed curcumin molecules were in contact with the con-
tinuous medium of the SLNs as they got accumulated 
overthe surface. Fluorescence intensity decreased with the 
increasing FA chain length. A decrease in the fluorescence 
anisotropy value with time（Fig. S4）clearly indicates de-
sorption of curcumin from the SLN surface45－47）.

3.6   Evaluation of SLNs’ EE and DL capacity with respect 
to curcumin

These parameters are related to therapeutic efficacy of a 
formulation. Results on the EE and DL capacity are graphi-
cally shown in Fig. 8 and Table S1. EE decreased with the 
increasing FA chain length; for LA, it was 73.4％, but for 
SA, the value was lower: 43％（Fig. 8, left panel）. The de-
crease in DL capacity was also noted with the increasing 
FA chain length（Table S1, supplementary section）. Cur-
cumin, being an amphiphilic compound, is expected to be 
located on the SLN surface to a greater extent than a hy-
drophobic drug, which would be localized to the core of 
SLNs20）. LA and MA, being more fluid than PA and SA, can 
be more flexible; therefore, the corresponding SLN can ac-
commodate a greater number of drug molecules.

3.7  In vitro release studies 
The in vitro release of curcumin from the SLNs was 

studied by the dialysis bag method27）. A parallel experiment 
was performed with curcumin dissolved in an aqueous 
Tween 60 solution as a control. The resulting release pro-
files are graphically presented in the right panel of Fig. 8. 
SLNs showed a sustained the release of curcumin, as 
opposed to spontaneous diffusion of free curcumin
（control, dissolved only in 10 mM Tween 60）. A biphasic 
release pattern was observed: the sustained release profile 
showed an initial burst release20, 22）. The release processes 
of all the systems were analyzed up to 100 h. There was an 
initial burst release of 20–25％ of curcumin within 9–10 h, 
which was due to the weakly adsorbed curcumin. Kinetic 
parameters obtained by fitting the curcumin release profile 
to different release models are shown in Table S1. DD 

Fig. 8　 Dependence of entrapment efficiency（EE）and in vitro release profile of curcumin loaded SLN（SLC＋TS＋FA, 2:2:1, 
M/M/M）on the fatty acid chain length（Cn）at 25 ℃. Systems for right panel: ●, control; ○, LA; △, MA; □, PA and  
▼, SA.
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Solver 1.0（the Add-In software）was used for analysis of 
the parameters of the release kinetics. A comparison was 
conducted among the pseudo-first-order, zero-order, Kors-
meyer-Peppas, Higuchi, and Weibull models（Table S1）. 
The Korsmeyer-Peppas kinetic model of the release, the 
best-fit model48）, was found to adequately describe the 
controlled and sustained release of curcumin. Values of the 
release exponent（n）were also recorded for the Korsmeyer-
Peppas release model and were found to be ≤ 0.5, which 
indicates that the release of curcumin was subject to the 
classical Fick diffusion formalism. A decrease in the rate 
constant was observed with the increasing FA chain length. 
Less ordered lipid matrix structure and the less organized 
nature of LA and MA resulted in faster elution because of 
nonsystematic binding20）. PA- and SA-containing systems 
restricted desorption of curcumin because of their more 
organized structure and compact molecular organization. 
Due to the more organized nature and compact molecular 
packing, SA-containing SLNs were able to bind curcumin 
systematically and firmly in the palisade layer of SLNs. 
Hence, the release of curcumin was sustained in the case 
of the SA-containing systems.

3.8  Anti-bacterial activity studies
Curcumin-loaded SLNs showed significant antibacterial 

effects on B. amyloliquefaciens（a gram-positive bacteri-
um isolated from soil）. SLNs without curcumin had no 
effect. The resulting distinct zones of inhibition（24 h of in-
cubation）for curcumin-loaded SLNs are shown in Fig. 9. 
Nearly 22–28％（LA, 22％; MA, 25％; PA, 25％; and SA, 
28％）inhibition zones were observed, regardless of FA 
chain length. The antibacterial activity was not significant 
for curcumin in Tween 60, as shown in Fig. 9C. Thus, cur-
cumin-loaded SLNs may be considered as promising deliv-
ery agents for antibacterial drugs. Nevertheless, further 
studies involving various pathogenic bacterial strains are 
needed to explore the broad-spectrum antibacterial activity 

of such formulations. After that, some studies on human 
cell lines would also be warranted. We did not see a corre-
lation between the release data and the inhibition zone 
data obtained by our methods. Identification of a possible 
quantitative correlation between the drug release and in 
vivo therapeutic efficacy is the subject of our future 
project. 

4  Conclusion
Langmuir monolayer experiments on lipids with and 

without curcumin were performed to understand the inter-
action between the lipids and the drug. Monolayer assays 
of the components revealed that 20 mole％ FAs provide 
optimal stability. Incorporation of curcumin resulted in the 
expansion of the lipid monolayer. SLNs with FAs of differ-
ent chain length and molar ratio were formulated in combi-
nation with SLC and TS. Curcumin as a model drug was 
also added to the formulation. The resulting SLN formula-
tions were found to be stable for up to 45 days. Although 
the Z.P. values were low, the SLNs were stable due to the 
combined electrostatic and steric stabilization caused by 
the dissociated FA and the hydrophilic polyoxyethylene 
moiety of Tween 60, respectively. DLS, DSC, and spectro-
scopic analyses confirmed localization of curcumin to the 
palisade layer of SLNs. SA yielded the highest crystallinity 
in the SLNs. Due to the disorganized nature and a struc-
tural mismatch with TS, LA-containing systems showed 
greater drug incorporation and loading capacity as well as 
a faster release of the entrapped drug. Conversely, struc-
tural similarity between SA and TS rendered such combi-
nations more compact; accordingly, we observed lesser en-
trapment and a slower release of curcumin by such 
systems. Curcumin-loaded SLNs showed antibacterial 
properties. Future studies on the crystallinity（by X-ray dif-
fraction analysis）and in vivo activities should elucidate 

Fig. 9　 Inhibitory effect of curcumin loaded SLNs（B）on the growth of Bacillus amyloliquefaciens. SLNs without curcumin 
were used as control（A）. Panel C represents the activity of curcumin alone using Tween 60 as control. Fatty acid 
chain lengths are mentioned inside the figure.
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the structure–activity relation in SLNs.
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 Mathematical expressions for the in vitro release kinetics studies using different models: 

Higuchi model:             Mt = kht
1/2                  (1) 

Korsmeyer–Peppas model:    Mt M∞ = kk tn                 (2) 

Weibull model:                    Mt M∞ = 1 − exp 
− t−Ti 

β

a
                (3) 

where, Mt is the amount of drug released in time (t), Mt / M∞ is the fraction of drug released, ‘n’ 

is the release exponent that characterizes the mechanism of drug release, kh and kk are release 

constants for Higuchi and Korsmeyer–Peppas equation respectively, ‘t’ accounts for the time lag 

of the dissolution process. ‘a’ denotes a scale parameter that describes the time dependence; ‘’

describes the shape of the dissolution curve progression. 

 

 

 



 

 

 

Table S1 Release kinetics of curcumin from SLN containing different FAs. 

Curcumin 

loaded SLN 

formulations 

containing 

different FA 

First order Zero order Weibull Korsmeyer-Peppas Higuchi Drug 

loading 

capacity 

(%) 

k1/ h
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 R
2
 

k0/ mol 

lit
-1

.h
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R
2
 kw/ h

-1
 R

2
 kk/ h

-n
 R

2
 n 

kh/ h
-
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R
2
 

LA 0.014 0.866 0.827 0.677 0.534 0.981 8.736 0.988 0.4 7.101 0.976 0.054 

MA 0.008 0.869 0.557 0.810 0.396 0.955 4.822 0.993 0.5 5.103 0.954 0.046 

PA 0.005 0.736 1.000 0.884 0.512 0.994 4.206 0.992 0.4 3.564 0.989 0.034 

SA 0.004 0.845 0.354 0.781 0.565 0.987 2.669 0.988 0.5 2.830 0.988 0.014 

Concentration of SLN (SLC+TS+FA, 2:2:1): 1 mM, and curcumin: 0.5 µM. 

 

 



 

 

Fig. S1 Hydrodynamic size (diameter, dh) distribution of SLNs comprising different fatty acids.  

1 mM SLN formulation of SLC+TS+FA (2:2:1, M/M/M) dispersed in 10 mM aqueous Tween 60 

solution were studied. FAs are mentioned inside the figure. Temperature: 25 °C 

 



 

Fig. S2  DSC thermogram of a 5 mM SLN formulation (SLC+TS+PA, 2:2:1, M/M/M).  Scan 

rate: 2 °C / min. 

 



 

 

 

Fig S3. Dependence of the absorption maxima (λmax) of curcumin on dielectric constant (ε) of the 

medium at 25 °C. Red and the blue line correspond to the aprotic and protic solvents 

respectively. Solvents: ●, hexane; ▲, chloroform; ■, acetonitrile; ▼, DMSO; ○,  pentanol, ∆, 

propanol;  □, ethanol and , methanol. 5 µM curcumin was used in recording the spectra. 

 

 



 

Fig S4. Variation in the fluorescence anisotropy (r) with time for curcumin loaded SLNs 

comprising four different fatty acids. Fatty acids: O, LA; ∆, MA; □, PA and , SA. The 

concentration of curcumin was 5 µM. Excitation wavelength and emission wavelength were set 

at 419 and 458 nm respectively. Temperature, 25 °C. 
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A B S T R A C T

Nanostructured lipid carriers (NLC) comprising soy lecithin (SLC), tristearin (TS) and palmitic acid (PA) having
molar ratio 2:2:1 was modified by partially replacing SLC with ion pair amphiphile (NLCIPA), prepared by mixing
equimolar aqueous solution of sodium dodecyl sulphate and hexadecyltrimethylammonium bromide. Hot
homogenization followed by ultrasonication method was employed for the preparation of NLC and NLCIPA.
Desirable SLC / IPA ratio for NLCIPA formulations were obtained by analyzing the interfacial behavior of the
lipidic components in the presence of IPA at air-water interface. Considering the interfacial behavior and mutual
miscibility, lipid compositions having SLC/IPA ratio equal to 2:3, 3:7 and 1:4 were selected for the preparation of
NLCIPA. Analytical techniques like dynamic light scattering, differential scanning calorimetry, transmission
electron microscopy, fridge fractured electron microscopy and atomic force electron microscopy assured higher
stability of NLCIPA formulations compared to the conventional NLC and the NLCIPA with 30mol% SLC was found
to be optimum. Experimental evaluation of interfacial, solution phase and thermal characteristics of oleanolic
acid (OA) loaded NLC and NLCIPA formulations indicated the accumulation of OA on the palisade layer and the
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drug acquisition was higher in NLCIPA than the conventional NLC. NLCIPA formulations were found even more
promising to sustain the release of OA to a desirable extent. Higher cytotoxic activity for the OA loaded NLCIPA

than the NLC was noted during the cytotoxicity studies on hepatocellular carcinoma, hepatocyte-derived car-
cinoma and colorectal carcinoma cancer cell lines. The NLCIPA formulations, therefore, can be considered as
promising alternate to conventional NLC in improving the therapeutic efficacy of OA as the anticancer drug.

1. Introduction

Development of the lipid particulate drug carrier systems conjure up
an outstanding platform in improving the therapeutic efficacy and
performance of many pharmaceuticals [1–3]. Among several lipid
based drug delivery systems, nanostructured lipid carriers (NLC) have
caught prior attention of the scientific community working in the field
of drug delivery [4–7]. NLCs are staggeringly advantageous compared
to the other conventional lipid based drug delivery systems, viz., lipo-
somes, emulsions, polymeric nanoparticles [1,4–6,8–10]. NLCs are the
modified form of solid lipid nanoparticle having two or more structu-
rally dissimilar lipids. They are relatively new class of drug carriers
having submicron size (50 to 1000 nm) prepared from lipids that re-
main solid or liquid at room and body temperature [11,12]. NLCs are
prepared using a wide variety of lipids including fatty acids, mono-, di-
or triglycerides, phospholipids, waxes, etc., and are stabilized by the
biocompatible nonionic surfactants [11,12]. Relatively higher drug
incorporation efficiency, satisfactory drug loading capacity and desir-
able sustained drug release establish the NLCs as superior drug delivery
systems to the previously developed formulations [7,8]. However, sta-
bility during storage, ongoing lipid modification and higher coagulation
rate have made the situation challenging in developing physicochemi-
cally stable NLCs.

Stability of the NLC formulations primarily depend upon its lipid
composition and the compatibility among the lipidic constituents.
Stability of vesicles can substantially be improved by partially replacing
the natural phospholipids with synthetic ion pair amphiphile (IPA)
[13]. This concept has been extended towards NLC in the context of
present study where by the NLCs have been modified (NLCIPA) using
IPA in combination with the natural phospholipid, soylecithin (SLC).
This is considered to be a novel approach in improving the stability and
performance of NLC in terms of drug delivery. No systematic reports are
available in the literature whereby the physicochemical performance of
conventional NLC has been enhanced by modifying it with IPA in
combination with SLC. In this paper a well stabilized conventional NLC
system comprising SLC, tristearin (TS) and palmitic acid (PA) with the
molar ratio of 2:2:1 were used and then the SLC was progressively
substituted by IPA. The IPA was prepared by mixing equimolar aqueous
solution of single chain cationic and anionic surfactants [13] sodium
dodecyl sulphate (SDS) and hexadecyltrimethyl ammonium bromide
(HTMAB).

Oleanolic acid (OA) is a naturally occurring pentacyclictriterpenoid
[14–16] which is mainly extracted from leaves and roots of Oleaeur-
opaea, Viscum album L., Aralia chinensis L. etc., and in other 120 different
plant species [14–16]. OA shows many biological activities such as anti-
inflammatory, antitumor, antiviral, hepatoprotective, anti-hyperlipi-
demic effects, anti cancer activity, to mention a few. It has also been
worn in traditional Chinese medicine in the treatment of liver disorders
[14–19]. However, poor aqueous solubility and low bioavailability of
OA restricts its wide use; hence it is necessary to develop suitable for-
mulations for improving its pharmaceutical activities. Attempts were
previously made in formulating OA loaded SLN to improve its bio-dis-
tribution and activity [14–16,18,19]. But the formulations suffer from
stability problems and insufficient incorporation of OA. To overcome
those shortcomings, systematic attempts have been made by introdu-
cing IPA into the modified NLC formulation (NLCIPA) for OA. In this
present set of work, OA loaded conventional NLC and NCLIPA were
prepared and their performance were monitored side by side to

evaluate the effect of IPA as a lipidic component.
NLC comprising SLC, TS and PA with molar ratio 2:2:1 has been

considered and IPA modified NLC formulations (NLCIPA) have been
developed by partially substituting the natural phospholipid (SLC) with
synthetically prepared IPA. SLC / IPA proportions in the NLCIPA were
tuned by analyzing the mutual miscibility of the lipid components at
the air-water interface. Langmuir monolayer approach was used for this
purpose. Hot homogenization followed by ultra sonication technique
was used in preparing the conventional NLC and NLCIPA. OA was in-
troduced in NLCIPA as well as in NLC. The prepared formulations were
subjected to detailed characterization in obtaining the information re-
garding the quality control parameters like hydrodynamic diameter
(dh), polydispersity index (PDI), zeta potential (Z.P.) and thermal be-
havior. The studied parameters were further analyzed to gather in-
formation regarding the location of incorporated drug in the studied
formulations. Morphology of the NLCs in absence and presence of OA
were assessed by combined transmission electron microscopy (TEM),
freeze fractured transmission electron microscopy (FF-TEM) and atomic
force microscopic (AFM) studies. AFM technique was also employed in
evaluating the surface roughness of the studied formulations.
Entrapment efficiency (%EE), drug loading capacity (%DL) and drug
release kinetics of OA loaded in NLC and NLCIPA formulations were
evaluated and compared to obtain idea regarding the effect of IPA on
the performance of NLCIPA. OA loaded formulations were also explored
for anticancer activity studies using three human cancer cell lines, viz.,
hepatocellular carcinoma (HepG2), hepatocyte-derived carcinoma
(Huh-7) and colorectal carcinoma (HCT-116). The percentage cyto-
toxicity of OA loaded NLC and NLCIPA were evaluated and compared to
get idea on the efficiency of NLCIPA over conventional NLC.

2. Material and methods

2.1. Materials

Soy lecithin (SLC), tristearin (TS), palmatic acid (PA) and oleanolic
acid (OA) were purchased from Sigma-Aldrich Chemicals (USA). Tween
60, Tween 80, sodium dodecylsulfate (SDS), hexadecyl-
trimethylammonium bromide (HTMAB) were the products from Sisco
Research Laboratory (SRL), India. Disodium hydrogen phosphate, so-
dium dihydrogen phosphate, sodium chloride, dimethyl sulfoxide
(DMSO) and sodium bi-carbonate were procured from Merck
Specialties Pvt. Ltd, India. Fetal calf serum, DMEM and RPMI 1640
medium with L-glutamine, trypsin, sodium pyruvate and HEPES buffer
were obtained from Gibbco, USA, Penicillin-streptomycin and genta-
mycin were bought from Biowest, Germany and Nicholas, India re-
spectively. All the other chemicals and solvents of analytical grade were
used. Double distilled water having specific conductance of 2–4 μS at
25 °C was used throughout the study. Hepatocellular carcinoma
(HepG2), hepatocyte-derived carcinoma (Huh-7) and colorectal carci-
noma (HCT-116) cancer cell lines were received as gift from National
Facility for Animal Tissue and Cell Culture, Pune, India.

2.2. Preparation of IPA

IPA was prepared by mixing equal volume of 0.1M aqueous solution
of HTMAB and SDS. The equimolar amount of HTMAB and SDS neu-
tralized their charge and a semisolid white precipitate was formed to
appear (IPA). The mixture was then stirred and stored for overnight to
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ensure complete precipitation. IPA was then extracted from aqueous
medium using a separating funnel with chloroform as the organic
phase. Chloroform was then removed by evaporation under vacuum
and the obtained white solid powdery IPA was subjected for char-
acterization by means of XRD, 1H NMR and FT-IR studies. The results
were found in accordance with our previously published results
[13,20]. Hence, the detailed characterizations are not mentioned here.

2.3. Preparation of NLC

The NLC and NLCIPA formulations were prepared using hot homo-
genization followed by ultra sonication technique (Takashi U250,
Takashi electronics, Japan). The detailed preparative procedure can be
found in the recent publications [11,12,21]. In the present study,
conventional NLC was prepared using SLC, TS and PA in the molar ratio
2:2:1. NLCIPA formulations were prepared by partially replacing SLC
with IPA. In other word, the natural phospholipid, SLC was used in
combination with IPA in different molar concentration along with other
lipid components, keeping the overall molar ratio fixed at 1.0mM. In
case of drug loaded formulations, OA was added with the lipid melt
during the preparation of NLC. In this present study, the overall con-
centration of OA was 10 μM.

2.4. Analytical instrumentation

A Langmuir surface balance (Micro Trough X, Kibron, Finland) was
used to find the optimum SLC/IPA ratio for the NLCIPA composition and
to get idea regarding their molecular interaction at the air-water in-
terface. The monolayer was generated by spreading the chloroform/
methanol, 3:1 (v/v) solution of the lipid mixture at the air water in-
terface using a micro syringe (Hamilton micro syringe). The barrier
speed in the trough was fixed at 5mmmin−1. Such study can assess the
extent of the hydrophobic interactions the lipidic components.
Hydrodynamic diameter (dh), zeta potential (Z.P.) and polydispersity
index (PDI) of NLC and NLCIPA formulations were determined using a
dynamic light scattering spectrometer (Zetasizer Nano ZS90 ZEN3690,
Malvern Instruments Ltd., U.K.). A He-Ne laser operating at 632.8 nm
was used as the light source and the measurements were done at a
scattering angle of 90°. Conventional TEM (Hitachi H-600, Japan), FF-
TEM (FR-7000A, Hitachi High Technologies Ltd., Japan) and AFM
(Bruker Nanoscope V Multimode SPM) were used for the morphological
analyze. Differential scanning calorimeter (Mettler Toledo,
Switzerland) was used for the thermal analyze of NLC formulations.
DSC1 STARe software was used for analyzing the thermal data.

2.5. Entrapment efficiency and drug loading

Entrapment efficiency (%EE) and the drug loading capacity (%DL)
of conventional NLC and NLCIPA were determined using the method of
centrifugation [11,12,21]. OA loaded formulations were centrifuged at
15,000 rpm for 15min at 4 °C. The collected supernatant of the samples
were analyzed colorimetricaly to determine the amount of free OA. The
%EE and %DL of the studied conventional NLC and NLCIPA formula-
tions were determined using the following equations [11,12,21]:

= ×EE m
m

% 100 %loadedOA

totalOA (1)

= ×DL m
m

% 100 %loadedOA

lipid (2)

where, mtotal OA, mlipid and mloaded OA present the mass of total OA
added in NLC, mass of lipids used in NLC, NLCIPA and weight of OA
entrapped into NLC and NLCIPA respectively.

2.6. In-vitro release kinetics of OA

In vitro release kinetics of OA was studied using the commercial
dialysis bag method [11,20]. In brief, OA loaded NLC or NLCIPA was
taken in the dialysis bag (MWCO 12kDa Sigma Aldrich, USA) and the
dialysis bag was placed into 20mL of dispersion medium (2mM aqu-
eous Tween 60 solution) with 15% ethanol and stirred at 100 rpm on a
magnetic stirrer at 25 °C. 1mL of the release medium was withdrawn
and fresh release medium of equal volume was added immediately to
maintain the volume (20mL) constant at the predetermined intervals.
The released OA was assayed colorimetricaly (UV–vis spectro-
photometer, UVD-2950, LaboMed. Inc., USA). In colorimetric assay
technique the absorption spectra of OA in the release medium were
recorded for various known concentration and a linear standard graph
(absorption vs. concentration) was obtained. The obtained standard
graph has been used for the determination of OA concentration from
the absorption value from the release medium at different pre-
determined time interval. The experiment was performed in triplicate.

2.7. In vitro cytotoxicity study

DMEM medium was used to culture HepG2, Huh-7 and HCT-116
cell lines. 10% fetal calf serum (heat inactivated), and 1% penicillin -
streptomycin were added with the cell lines and the mixture was sub-
jected for incubation in a humidified environment having 5% CO2 at
37 °C. 1× Trypsin solution was also added to reduce the adherent
properties. The sud cultured cells were treated with conventional NLC
and NLCIPA having different OA concentrations (2.5, 5, 7.5, and 10 μM)
for 24, 48 or 72 h. MTT assay was used to measure the percentage of
cell inhibition. The measurements were performed by recording the
absorbance of the experimental solution at a specific wavelength
(HepG2, Huh-7 and HCT-116 at 540 nm) using a microplate manager
(Reader type: Model 680 XR Bio-Rad laboratories Inc.). IC50 values for
all the cell lines were also calculated for 24, 48 and 72 h. In the present
set of work untreated cells were used as control.

3. Results and discussion

3.1. Interfacial behavior of the lipidic components (Langmuir monolayer
studies)

Mutual miscibilitis of amphiphilies can be best assessed through the
surface pressure-area measurements. Interfacial behavior of the mixed
lipidic systems (SLC/IPA+TS+PA, 2:2:1, M/M/M) with varying SLC /
IPA ratio was monitored through the ᴫ -A isotherms for the mixed li-
pidic system with different proportion of SLC / IPA using Langmuir
monolayer approach at the air-water interface. Primarily, the aim of
this analysis was to tune the lipidic composition in terms of SLC/IPA
ratio for preparing IPA modified NLC (NLCIPA). In the present set of
work, natural phospholipid (SLC), lipids mixture (SLC+TS+PA,
2:2:1, M/M/M) was progressively substituted by synthetically prepared
ion pair amphiphile (IPA) and ᴫ -A isotherms of the mixed lipid systems
having different SLC/IPA ratio were recorded and analyzed. In different
mixed lipidic systems the mol % of IPA was increased progressively by
reducing the mol % of SLC. But the overall concentration of the lipidic
systems kept the same. In addition to this, the interactions between OA
and lipid mixtures were also evaluated at the air water interface. Some
representative isotherms of the mixed lipidic systems in the absence and
presence of IPA have been presented in the Fig. 1. ᴫ -A isotherms of the
pure components are shown in Fig S1 (supplementary section). Lift-off
area for SLC, TS, PA, IPA and OA appeared at 0.1, 0.6, 0.23, 0.11 and
0.57 nm2molecule−1, respectively. The obtained data were in good
agreement with the previous reports [12,13]. In case of the mixed li-
pidic systems, smooth progressions of the isotherms were observed with
the surface compression. The observed smooth progression indicated
the compatibility of the lipid components and IPA in the lipid mixtures
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[13]. Lift-off area for the lipid mixtures in the absence of IPA was found
at 0.52 nm2molecule−1. Significant down-shift in the lift-off area was
noted when IPA was used in combination with SLC 3:7 (M/M) keeping
the overall molar ratio and other lipidic components intact. System
having 3:7 (M/M) SLC/IPA exhibited minimum lift-off area
(0.38 nm2molecule−1). Reduction in the lift-off area indicates conden-
sing effect of IPA, analogous to cholesterol [13] Enhanced van der
Waals force of attraction and increased hydrophobic interaction as-
sisted by IPA was mainly responsible for such behavior.

Mechanical nature related to the rigidity and fluidity of the

monolayer was also assessed by calculating the compressibility modulii
(Cs

−1) of the monolayers. Cs
−1 of the studied isotherms were calculated

using the following equation [12,13]:

= − ⎛
⎝

⎞
⎠

−C A dπ
dAs

1

(3)

Cs
−1 values were plotted against % of compressed area and some

representative plots are shown in the inset of Fig. 1. In the absence of
IPA, Cs

−1 value was maximum at 28.2mNm−1. With increasing pro-
portion of IPA, reduction in the Cs

−1 values further support the in-
creased association among the lipidic components [13] Reduced Cs

−1

value (26.3 mNm-1) was noted for the lipid system with SLC/ IPA ratio
3:7. Result suggests maximum association among the interfacial com-
ponents. Hence, SLC / IPA ratio 3:7 was regarded as optimum in pro-
viding the maximum stability for the mixed lipid mixtures.

Quantitative idea regarding the extent of interaction among the
components and subsequent stability of the mixed lipidic systems, ex-
cess surface area (Aex) and the excess free energy (ΔGex) of the mixed
monolayers were calculated at different surface pressures. Excess sur-
face area was calculated using the following equation [12,13]:

= −A A Aex id12 (4)

where, A12 is the experimentally obtained molecular area and Aid is
the corresponding area. The ideal value can be calculated as [12,13]:

= −A A x A xid 1 1 2 2 (5)

where, x1, x2 and A1, A2 represent the mole fraction and surface area
of the component 1 and 2 respectively. In the present study SLC was
considered as the component 1 and IPA was taken as the component 2.
Relative proportion of the other lipidic components (TS and PA) was
kept unchanged (SLC / IPA+TS+PA, 2:2:1, M/M/M). The calculated
Aex values were plotted against the mole fraction of IPA and are pre-
sented in panel A of Fig. 2. In case of the studied mixed lipidic systems,
negative deviation in the Aex values were observed with increasing IPA
proportion. Magnitude of the negative deviation was maximum for the
mixed lipid mixture with SLC/IPA mole ratio equal to 3:7. The observed

Fig. 1. Surface pressure (π) – area (A) isotherm of mixed lipidic system (SLC/
IPA+TS+PA, 2:2:1, M/M/M) in the absence (red) and presence (black) of IPA using
water as the subphase. Corresponding Cs

−1 vs. % compressed area has been presented in
the inset of the figure. Temperature 25 °C.

Fig. 2. Variation in Aex (panel A & C) and (panel B
& D) of the mixed lipidic system with mol% of IPA
(panels A, B) and OA (panel C, D). For panels A, B:
component 1: SLC and component 2: IPA. For panels
C, D: component 1: SLC/IPA (30:70)+TS+PA
(2:2:1, M/M/M) and component 2: OA. Surface
pressures (mNm−1): O, 5; △, 10; □, 15; ▽, 20; ♢,
25 and ◁, 30. Temperature: 25 °C.
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negative deviation indicates attractive interaction among the compo-
nents. The observed maximum negative deviation at SLC/IPA ratio 3:7
indicated the optimum SLC/IPA ratio for the stable lipidic systems.

Stability of the mixed monolayers were also investigated by calcu-
lating the excess free energy (ΔGex) of the mixed monolayer. ΔGex of the
monomolecular films were calculated as [12,13]:

∫= − +G A A x A x dπΔ [ ( )]ex
π0

0 1 1 2 2 (6)

Plot of ΔGex vs. mole fraction of IPA are shown in panel B of Fig. 2.
Negative ΔGex values indicate thermodynamic stability of the mixed
monolayer in presence of IPA. ΔGex was maximum for 3:7 (M/M) SLC/
IPA mixed monolayers suggesting the additional thermodynamic sta-
bility of the mixed monolayers [12].

Being optimum, the lipid mixtures with the combination of (SLC/
IPA+TS+PA, 2:2:1, (M/M/M) with SLC/ IPA ratio 3:7 (M/M) was
taken for further study in evaluating the extent of miscibility and its
subsequent interaction with OA at the air-water interface. In this case,
the mixed lipidic system was considered as component 1 and OA was
considered as component 2. Insignificant variation in the π – A iso-
therms and lift-off area for the base lipid mixtures in presence of OA
signify the absence of OA in the hydrophobic region of the monolayers
and convey a preliminary idea regarding the location of OA in the
palisade layer of the lipids aggregates. No significant variation in the
calculated Cs

−1 in presence of OA further suggests the insignificant
interaction of OA with the hydrophobic part and confirmed the accu-
mulation of OA on the palisade layer of the lipid monolayer. To eval-
uate the nature of the drug lipid interaction, Aex and ΔGex values were
also calculated and plotted against mole% of OA (panel C and D of
Fig. 2 respectively). Observed positive deviation in both the Aex and
ΔGex indicate repulsive interaction between OA and the other amphi-
philes [12]. Amphiphilic nature of OA was mainly responsible for the
observed repulsive interaction. The observed positive deviation in the
Aex and ΔGex values confirm the accumulation of OA in the palisade
layer of the mixed lipidic system.

3.2. Dynamic light scattering studies

Hydrodynamic diameter (dh) is an important quality control para-
meter for NLC formulations because it is a marker for the coagulation of
colloidal particles during storage and intra cellular activities [1,2,8]. In
the present formulations, SLC was used in combination with suitable
amount of IPA along with TS and PA. Considering the mutual mis-
cibility of SLC /IPA at the molar ratio of 4:6, 3:7 and 2:8 were selected
in preparing different NLCIPA. The dh of the NLCIPA comprising different
SLC/ IPA ratio and conventional NLCs were monitored with respect to
time and dh vs. time profile of the NLC and NLCIPA have been shown in
panel A of Fig. 3. All the formulations were stable upto100 days of
storage as reflected from the in significant changes in dh values. Size of
the conventional NLC was in the range of 250– 258 nm. Inclusion of IPA
substantially resulted in the decrease in size of the NLCs (139–150 nm).
Reduction in dh values indicate the attractive interaction among the
lipidic components induced by the IPA [13,20], as was also affirmed
from the Langmuir monolayer studies. NLCIPA with 30mol% SLC with
respect to IPA inhibited maximum size reduction. Further increase in
IPA proportion did not cause any significant change of the size of the
NLCs. Hence, SLC/IPA mixture with the ratio 3:7 was considered as the
optimum combination in formulations the NLCIPA. dh vs. time profile of
the OA loaded NLC and NLCIPA formulations were also recorded and are
presented in panel B of Fig. 3. Incorporation of OA showed no sig-
nificant influence on the size of NLC and NLCIPA. The OA loaded for-
mulations were also found to be stable for 100 days without any con-
siderable fluctuation in the dh values. Size of the OA loaded NLC and
NLCIPA were in the range of 260–265 nm and 140–160 nm, respectively.
Size increases upon drug incorporation suggest the accumulation of OA
on the palisade layer of the NLCs [12]. Proposed repulsive interaction

between the lipids and OA through the monolayer studies are further
strengthened from the DLS studies.

Polydispersity index (PDI) values of the NLC formulations were also
recorded with respect to time as shown in Fig. 3. PDI values were in the
range of 0.3–0.5, which indicate the formation of stable and moderately
homogeneous dispersion [1,4,6,11] PDI for NLCIPA were lower than the
conventional NLC formulations, suggesting compact molecular packing
in presence of IPA [20]. The NLCIPA having the SLC/IPA ratio 3:7 de-
picted lowest PDI. Observed minimum also confirms the additional
stability of the system. Enhanced association among the lipidic con-
stituents at this specific composition was primarily responsible for the
observed stability. PDI for the OA loaded NLC and NLCIPA formulations
were higher than base formulations. Increase in the PDI values in-
dicated the reduction in surface homogeneity and endured the surface
accumulation of OA on NLC and NLCIPA [12,21] Through the formation
of shell enriched systems [12].

Zeta potential is a matter direct masker of the stability of nano
colloidal formulations as it regulates the flocculation rate [3–7]. Z.P.
value for the studied conventional NLC was found in the range of
−10–− 12mV (Fig. 3. upper panel). But Z.P. for NLCIPA was in the
range of −5–− 9mV. Reduction in the magnitude of negative Z.P. by
IPA was due to the dissociation of IPA molecules on the surface of
NLCIPA. The dissociation of IPA resulted into the formation of DS− and
HTMA+ ion. DS− ions got dispersed into the dispersion medium and
the presence of the HTMA+ ion on NLCIPA surface was mainly re-
sponsible for the reduction in the negative magnitude of Z.P [13,20].
With increasing proportion IPA a progressive reduction in the magni-
tude of Z.P. was observed. No observable fluctuation in Z.P. with sto-
rage time also suggests the stability of the NLCs [21]. In case of OA
loaded NLCs and NLCIPA, Z.P. values were in the range of
−9–− 9.5 mV and −4–− 8mV respectively. The accumulated OA on
the palisade layer effectively masked the NLC and NLCIPA surface and
reduced the Z.P. value [12].

3.3. Morphological studies

Morphological studies of the NLCs were carried out using conven-
tional TEM and FF-TEM techniques. Details analyses on the surface
roughness and three dimensional overview of the NLC surface were also
done by AFM technique. The conventional and FF-TEM images of some
systems have been shown in the panels A and B of Fig. 4 respectively.
Observed size of the studied NLC and NLCIPA formulations were in
accordance with the DLS data. Mild deviations in the observed size

Fig. 3. Variation in size (dh), PDI and zeta potential (Z.P.) with time for 1 mM NLCIPA

(SLC/IPA+TS+PA, 2:2:1, M/M/M) stabilized by 2mM aqueous Tween 60 solution in the
absence (panel A) and presence (panel B) of OA at 25 °C. SLC/IPA ratio for different
systems have been mentioned inside the figure. [OA]: 10 μM.
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Fig. 4. TEM (panel A, B and C) and FF-TEM (panel A1, B1 & C1) images for (A) conventional NLC (SLC+TS+PA, 2:2:1, M/M/M); (B) NLCIPA (SLC/IPA+TS+PA, 2:2:1, M/M/M) and
(C) NLCIPA in presence of OA. SLC/IPA ratio is 3 : 7 (M/M) in NLCIPA. The scale bars are mentioned inside the figure.

Fig. 5. AFM images of (A) conventional NLC (SLC+TS+PA, 2:2:1, M/M/M); (B) NLCIPA (SLC/IPA+TS+PA, 2:2:1, M/M/M) and (C) NLCIPA in presence of OA. SLC/IPA ratio was 3 : 7
(M/M) in NLCIPA. Corresponding three dimensional view and roughness profiles are also presented in the figure.
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were due to the differences in the measurement techniques. In all the
cases, NLC and NLCIPA exhibited spherical shapes. No significant
change in morphology was detected upon the inclusion IPA. The in-
corporated OA had no noticeable influence on shape of the studied
formulations. However, increase in the surface heterogeneity clearly
indicates the accumulation of OA on the surface and thus formation of
the shell enriched NLCs with the drug molecules. Fig. 5 represents some
representative AFM images of NLC and NLCIPA along with the three
dimensional representation of surface morphology. The bright regions
in the AFM images indicate the NLCs. No significant deviation in size
was noted from the previously performed TEM and FF-TEM studies.
Height of NLCs were in the range of 30–40 nm. Collapse and subsequent
diffusion of NLC on to the solid substrate during the drying process in
AFM analysis could be the primary reason for such size reduction
[22,23]. No noticeable change in surface morphology was noted upon
the inclusion of IPA. Height analyses of some NLCs are also shown
Fig. 5, along with the 2D/3D images. NLC loaded with OA showed a
reduction in the surface smoothness. Observed folds in the roughness
analysis indicate the presence of OA on the palisade layer of NLC. The
accumulated OA on the palisade layer of NLCIPA makes the surface
uneven further supporting the proposition for the formation of shell
enriched (by drugs) NLC surfaces.

3.4. Differential scanning calorimetric studies

DSC is a sensitive technique in assessing the internal morphology
and colligated thermodynamics for the lipid based drug delivery sys-
tems. DSC thermograms of NLCs having different SLC/IPA ratio (4:6,
3:7 and 2:8) were generated to assess the effect of IPA on the internal
morphology and thermal properties of NLCs. DSC cooling thermograms
of both the NLC types with different SLC/IPA ratio have been presented
in panel A of Fig. 6. Additionally, a heating cooling DSC thermogram of
with SLC / IPA ratio 3:7 has been shown in Fig. S4 (supplementary
section). The temperature of maximum heat flow (Tm) was significantly
reduced in case of the NLC compare to the physical mixture of the lipids
(data not shown). Reduced size enhances the surface area for NLC
imparts the detected downshift in Tm [12,21]. Like liquid crystals, ob-
served cooling thermograms came up more eminently than the corre-
sponding heating thermograms, for which DSC exotherms were used in
determining various thermodynamic parameters [12,21,24–27]. As-
sessed thermodynamic parameters have been summarized in Fig. 7. In
case of the conventional NLC, Tm was at 27.3 °C. But in case of NLCIPA

formulations, substantial increment in Tm value was observed. NLCIPA

having SLC/IPA ratio 2:3, 3:7 and 1:4, the Tm values appeared at 38.7,
39.5 and 39.5 °C respectively. Increase in Tm value ssuggests the
structural compactness and appreciable subjugation in lipidic mod-
ification inside NLC in presence of IPA. Utmost value of Tm was de-
tected for NLCIPA having 30mol% SLC 3:7. Further addition of IPA did
not exhibit any additionally impact on the Tm. Results suggest optimal
SLC / IPA ratio required for the enhanced structural stability of NLCIPA

system. ΔH and ΔCp for the NLCs were also evaluated to pile up the
associated information related to the thermodynamic stability and ex-
tent of multi crystallinity. Similar to Tm value, considerable enhance-
ment in ΔH and ΔCp were also noted for NLCIPA systems. The reduced
lipidic modification and associated morphological compactness induced
by IPA result in such increment in the ΔH and ΔCp values. ΔH and ΔCp

values were maximum for the NLCIPA with 30mol% SLC; further ad-
dition of IPA caused no appreciable change. Results furthers reasserted
the optimum SLC / IPA ratio out the saturation limit of IPA in NLCIPA.
Reduction in the ΔT1/2 values for NLCIPA than the conventional NLC
also designate the structural compactness and associated stability. The
observed minima in ΔT1/2 for NLCIPA at 30mol% SLC further support
the saturation limit of IPA incurred from other thermodynamic para-
meters.

Thermal properties of the OA loaded conventional NLC as well as
the NLCIPA formulations were also evaluated and the obtained

thermograms are presented in panel B of Fig. 6. The calculated ther-
modynamic parameters are also shown in Fig. 7 along with the base
formulations. No observable changes were noted in the DSC thermo-
grams with the incorporation of OA in the studied formulations.
However, OA resulted in the up shift Tm value for all the NLCs. En-
hancement in the Tm for values drug loaded NLCs indicate the forma-
tion of the shell enriched NLC [11,12]. The shell formed by the in-
corporated OA, retarded the phase transition processes in NLC.
Observed repulsive interaction between OA and lipid mixtures in
Langmuir monolayer studies also supported the accumulation of OA in
the palisade layer of NLC. Due to the surface accumulation, interaction
between OA and the lipid matrix, no noticeable variation in the ΔH, ΔCp

and ΔT1/2 were observed with the addition of OA in NLC and NLCIPA.

3.5. Entrapment efficacy and drug loading capacity

Entrapment efficiency (%EE) and the drug loading capacity (%DL)
are the two key parameters from the stand-point of a potential lipid
base drug delivery system. %EE and %DL of OA loaded NLC and NLCIPA

formulations were determined and compared. NLCIPA formulations
having 2:3, 3:7 and 1:4 (M/M) ratio of SLC/IPA were subjected for the
determination of %EE and %DL. The obtained results a graphically
shown in Fig. 8 (panel A). %EE and %DL of the NLCIPA were improved
in the presence of IPA. Amphiphilic OA molecules are preferentially
accumulated on the surface of the studied formulations and forms shell
enriched type NLC. The lipid head groups on the NLC surface provide
polar environment to host OA in its palisade layer. In case of NLCIPA,
additional polar environment provided by the HTMA+ ions coming
from IPA assists better surface accumulation of OA molecules. Posi-
tively charged HTMA+ ions provide better hold to the surface accu-
mulated OA in NLCIPA and reduced the drug expulsion rate. %EE and %
DL of the NLCIPA formulations were found to be dependent on the SLC/
IPA ratio. With increasing IPA proportion, both the %EE and %DL and
attained the optima for 30mol %SLC.

3.6. Release of OA

Release profiles of OA from the NLCs are shown in panel B of Fig. 8.
Simple diffusion of OA through dialysis membrane was also shown for
comparison and as the control. NLCs sustained the release of OA to
considerable extents in comparison to the simple diffusion of OA. In
case of conventional NLC, a biphasic release pattern was noted [12].
Initial burst release was due to the loosely surface bound OA and the
sustained release correspond to the strongly adsorbed OA on the NLC
surface. In case of NLCIPA, release was further sustained. Systematic
homogeneous release pattern unlike the biphasic release pattern by the
conventional NLCs, further suggests homogeneous accumulation of OA
onto the NLCIPA surface. Release of OA from the NLCIPA depends on the

Fig. 6. DSC cooling thermograms for NLCIPA (SLC/IPA+TS+PA, 2:2:1, M/M/M) for-
mulations having different SLC/IPA ratio in absence (panel A) and presence (panel B) of
OA. SLC/IPA (M/M) ratio (panel A and B): 1, 1:0;2, 2 :3;3, 3:7 and 4, 1:4. [NLCIPA] and
[OA] : 1mM and 10 μM respectively. Scan rate: 2.5 °Cmin−1.
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SLC/IPA ratio. Maximum control over the release process was noted for
the NLCIPA with 30mol% SLC. Further increase in IPA proportion had
no significant effect on the release of OA from NLCIPA.

The observed release profiles were fit into five different release
models, viz., first order, zero order, Higuchi, Weibull and Korsmeyer-
Peppas model using DD Solver 1.0 [28,29]. All the release kinetics data
of five different dissolution models have been presented in Table S1
(supplementary section). The obtain data indicate that the simple dif-
fusion of OA was found to follow the Higuchi release formalism. This
release kinetics is of Fickian type of diffusion. Results suggest that the
diffusion is basically governed by the difference in concentration of OA
in either side of the dialysis membrane. While comparing the nonlinear
regression coefficient values for the different release models, it was
observed that the conventional NLC formulation followed Kors-
meyer–Peppas release mechanism [11,12,21]. Release of NLCIPA for-
mulations was found to follow the zero order release mechanism unlike
the conventional NLC. Results indicate the uniform distribution of OA
over the NLCIPA surface. Due to the homogeneous surface distribution,
OA gets released with a constant rate. The observed release mechanism
confirm the drug enriched shell model for the NLCs [12].

3.7. Anticancer activity of OA loaded conventional NLC and NLCIPA against
GIT cell lines

To investigate the potential and applicability of the OA loaded NLC
and NLCIPA as superior drug delivery systems, in vitro cytotoxicity of the
formulations were assessed on three different cancer cell lines, hepa-
tocellular carcinoma (HepG2), hepatocyte-derived carcinoma (Huh-7)
and human colorectal carcinoma (HCT-116) using MTT assay technique
[20]. OA loaded conventional NLC, NLCIPA and OA in its native form
were separately subjected tothe cytotoxicity studies. Base NLC and
NLCIPA (without OA) were used as respective controls. Results are

summarized in the Fig. 9 and Fig. S3 (supplementary section). The
untreated cell lines were considered for the evaluation of percentage of
cell inhibition. NLC and NLCIPA without having OA showed negligible
toxicity even after 72 h of incubation. OA loaded NLCs were sig-
nificantly toxic to the different cell lines than the OA alone. OA loaded
NLCIPA showed even better activity than the conventional OA loaded
NLCs. Superior activity of OA loaded NLCs can be explained on the
basis of higher cell penetration and higher drug retention ability. En-
hanced activity of OA loaded NLCIPA can be explained on the basis of
enhanced internalization of OA into the cancer cells [30]. Smaller size,
higher %EE and %DL of the OA loaded NLCIPA compared to the con-
ventional NLCs were mainly responsible for the superior activity. Due
to the smaller size the effective surface area was found to enhance for
the OA loaded NLCIPA in comparison to the conventional NLC loaded
with OA. The enhancement in the effective surface area enhanced the
area of contact with the studied cell lines and effectively increased the
activity. The small size of the NLCIPA formulations also increased the
rate of cell penetration and ensures the availability of requisite amount
of OA inside the studied cell lines. In addition to this, sustained release
of the incorporated OA from NLCIPA assisted the retention of OA inside
the infected cell for longer time period [30].

IC50 values of OA loaded NLCs native OA were also calculated for all
the three studied cell lines at three different incubation times (24, 48
and 72 h respectively). Obtained results are summarized in Table 1.
Lowest IC50 values were observed for OA loaded NLCIPA for all the
studied cell lines. The lower IC50 value of OA loaded NLCIPA confirmed
the superior activity of it over the free OA and OA loaded conventional
NLC. No significant disparities were observed in the percentage cyto-
toxicity and IC50 values for different GIT cancer cell lines. Moreover,
progressive increment in activities were recorded for all the

Fig. 7. Variation in different thermodynamic parameters with the change in SLC/IPA
ratio of NLCIPA (SLC/IPA+TS+PA, 2:2:1, M/M/M) in the absence (black) and presence
(red) of OA. The individual systems are mentioned inside the figure.

Fig. 8. Variation in entrapment efficiency (%EE), drug loading (%DL) capacity (panel A)
and release profile (panel B) of OA with the variation in the SLC / IPA ratio for NLCIPA

(SLC/IPA+TS+PA, 2:2:1, M/M/M) formulation at 25°C. SLC/IPA (M/M) ratio (panel B):
●, control; ○,1 : 0; □, 1 : 4; Δ, 3 : 7 and ∇, 2 : 3.
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formulations with increasing OA concentration and incubation time for
all the three different GIT cell lines. It, therefore, could be controlled
that the anticancer activity of the studied formulations were a con-
centration and time dependent phenomenon. Enhanced activity may be
explained on the basis of higher internalization of OA in the studied cell
lines with increasing drug concentration and incubation time. Further
investigations on the mechanism of anticancer activity of OA in pre-
sence of NLC and NLCIPA against GIT cancer cell lines require more
sophisticated biological studies. Those are taken as the future pro-
spective.

4. Conclusion

Conventional NLC and NLCIPA were prepared using hot homo-
genization followed by ultra sonication method. SLC, TS and PA with
molar ratio 2:2:1 (M/M/M) were used for the preparation of conven-
tional NLC. Whereas, NLCIPA formulations were prepared using IPA in

combination with SLC and other lipidic components were kept same as
the conventional NLC. In case of NLCIPA the appropriate SLC / IPA ratio
were quantitatively investigated by considering the mutual interaction
among the lipid constituents and IPA at the air-water interface using
Langmuir monolayer approach. Lipidic compositions with SLC/IPA
ratio 4:6, 3:7 and 2:8 were chosen for preparing of NLCIPA. The pre-
pared NLCs with out and with IPA were subjected to detailed char-
acterizations using combined DLS, DSC, TEM, FF-TEM and AFM tech-
niques to evaluate comparative approach of the physicochemical
stability among them. Presence of IPA enhanced the stability of NLC.
Significant reduction in the lipid modification and structural ordered-
ness in the presence of IPA stabilize the NLCIPA. Among the studied
NLCIPA formulations, system with 30mol% SLC was optimum. Reduced
structural disorder was established through its solution and the thermal
behavior. Preferential accumulation of OA on the palisade layer of NLC
and NLCIPA could also be proposed. Amphiphilic nature of OA due to
the presence of phenolic hydroxyl and carboxylic acid groups results in
its accumulation on the NLC surface, thus suggesting the formation
shell enriched NLCs. Higher %EE and %DL for NLCIPA than the con-
ventional NLC were recorded. Release of OA from the NLCIPA was
sustained to a considerable extent than the conventional NLC. Finally,
anticancer activity of the OA loaded NLC and NLCIPA were investigated
on against the hepatocellular carcinoma (HepG2), hepatocyte-derived
carcinoma (Huh-7) and colorectal carcinoma (HCT-116) cancer cell
lines. Significant improvement in the anticancer activity of NLCIPA was
observed in comparison to conventional NLC loaded with OA.
Reckoning all the observations, IPA could be considered as a promising
substitute of natural phospholipids in enhancing the stability and per-
formance of drug loaded NLC. For the exhaustive evaluation of the

Fig. 9. In vitro cytotoxicity of the conventional NLC (SLC/IPA+TS+PA, 2:2:1, M/M/M) and NLCIPA (SLC/IPA+TS+PA, 2:2:1, M/M/M) in absence and presence of OA on three
different cell lines at three different incubation times. The different systems, cell lines and incubation times are mentioned in the figure. NLCIPA having SLC / IPA ratio 3 : 7 was used for
the cytotoxicity studies.

Table 1
IC50 values of OA alone, conventional NLC and NLCIPA on different cell lines.

Systems IC50 on different cell lines (μM)

HEPG2 HCT116 HUH7

24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h

OA alone 6.51 5.88 5.25 8.54 7.42 5.78 7.31 6.52 5.80
NLC 5.36 4.93 4.48 6.71 5.96 4.90 5.91 5.37 4.88
NLCIPA 5.36 4.61 4.01 5.28 4.73 4.21 5.36 4.72 4.14
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effect of IPA on the physicochemical behavior of NLC formulations,
further studies are warranted with various synthetically prepared IPAs.
In addition, their performances as drug delivery systems with different
category of drugs are very much essential to evaluate their potential as
promising alternates as advantageous drug delivery system in cancer
therapy.
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Mathematical equations of different release models: 

Higuchi model:             Mt = kht
1/2                  (1) 

Korsmeyer–Peppas model:    Mt M∞ = kk tn                 (2) 

Weibull model:                    Mt M∞ = 1 − exp 
− t−Ti 

β

a
                (3) 

where, Mt is the amount of drug released in time (t), Mt / M∞ is the fraction of drug released, ‘n’ 

is the release exponent that characterizes the mechanism of drug release, kh and kk are release 

constants for Higuchi and Korsmeyer–Peppas equation respectively, ‘t’ accounts for the time lag 

of the dissolution process. ‘a’ denotes a scale parameter that describes the time dependence; ‘’

describes the shape of the dissolution curve progression. 
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Table S1 

Release kinetic data of OA from conventional NLC and NLCIPA having different SLC / IPA ratio. 

Different 

SLC/IPA (M/M) 

ratios of  OA 

loaded NLCIPA 

First order Zero order Weibull Korsmeyer-Peppas Higuchi 

k1/ h
-1

 R
2
 k0/ mol 

lit
-1

.h
-1

 

R
2
 kw/ h

-1
 R

2
 kk/ h

-n
 R

2
 n kh/ h

-0.5
 R

2
 

100 : 0 0.021 0.989 1.190 0.853 1.247 0.997 6.212 0.998 0.590 8.766 0.968 

40 : 60 0.016 0.957 1.061 0.998 1.159 0.996 3.641 0.965 0.627 5.931 0.946 

30 : 70 0.011 0.946 0.979 0.997 0.949 0.994 2.098 0.966 0.546 4.270 0.963 

20 : 80 0.018 0.905 0.809 0.993 1.104 0.990 3.131 0.965 0.465 5.987 0.962 

[NLCIPA ] (SLC/IPA+TS+PA, 2:2:1, M/M/M): 1 mM, and [OA]: 10 µM. 
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Fig. S1 Surface pressure (π) – area (A) isotherm of some pure lipidic components and OA using 

water as subphase at 25 °C. The different systems were mentioned in the figure. 
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Fig. S2 Representative heating cooling DSC thermogram for NLCIPA (SLC / IPA + TS + PA, 2 : 2 : 

1, M / M / M) formulations having SLC / IPA (M / M) ratio 30 : 70. [NLCIPA] : 1 mM. Scan rate, 

2.5 ºC min
-1

. 
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Fig. S3 In-vitro cytotoxicity of OA alone on three different cell lines at three different 

concentrations of OA. Different cell lines and incubation times were mentioned in the figure.  
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Abstract. Hydrogenated soy phosphatidylcholine, tristearin and oleic acid were employed in preparing
nanostructured lipid carriers (NLC). Surface modified NLCs (NLCPEG) were formulated by adding polyethylene
glycol 2000 (PEG 2000) in the dispersion medium along with Tween 60. Hot homogenization followed by
ultrasonication technique was used as the preparative procedure. 0.01% (w/v, g/mL) PEG 2000 was found to be
the saturation limit for the studied formulations. Pyrazinamide (PYZ) was incorporated in NLC; the base and
drug-loaded formulations were characterized by combined dynamic light scattering (DLS), differential scanning
calorimetry (DSC), transmission electron microscopy (TEM) and atomic force microscopy (AFM). NLCPEG
was more stable than the conventional NLC formulations. Added PEG 2000 provided extra steric stability to
NLCPEG systems by introducing an additional layer over their surface. The presence of the additional layer of
PEG 2000 also offered a preventative barrier towards the expulsion of surface accumulated PYZ. Considerable
improvement in entrapment efficiency (EE%), drug loading (DL%) and desirable sustained release profile could
be achieved in NLC.

Keywords. NLC; NLCPEG; PEG 2000; pyrazinamide; Tween 60; surface modification.

1. Introduction

Nanocolloidal lipid-based drug delivery systems have
enormous possibilities in the improvement of pharma-
codynamics and pharmacokinetics of a large number of
active pharmaceutics.1–5 Some well-known commonly
used drug delivery systems are a microemulsion, lipo-
somes, nano suspensions, polymeric nanoparticles, etc.
However, almost all the mentioned lipid-based drug
delivery systems suffer from serious limitations like low
drug incorporation, fast release of incorporated drugs,
low affinity towards hydrophilic drug, biocompatibility,
etc. 6–10 These common disadvantages of the lipid-based
drug delivery systems can successfully be overcome
in nanostructured lipid carriers (NLC). NLCs are the
modified form of solid lipid nanoparticles, also known

*For correspondence

Electronic supplementary material: The online version of this article (https:// doi.org/ 10.1007/ s12039-018-1448-x) contains
supplementary material, which is available to authorized users.

as the second generation solid lipid nanoparticles.1–5 A
blend of two or more structurally dissimilar biocompat-
ible lipids (solid or liquid) is used in the preparation of
NLC. The created structural imperfections by the ster-
ically different lipid molecules can effectively host the
pharmaceutics to a considerable extent and effectively
reduce the drug loss by unwanted drug leakage. NLC
systems thus effectively can overcome all major limi-
tations of the conventional drug delivery systems and
prove as the most promising agents. Although NLCs
are advantageous, but problems like lipid modification,
high rate of coagulation, separation of the lipid phase,
poor incorporation of the hydrophilic drug, etc., have
restricted its pertinence and market availability.1–3,11–13

These shortcomings are the serious challenges to a phar-
macist in developing NLCs as novel drug delivery agent.

Several attempts have been made previously to
enhance the stability and performance of NLC by

http://crossmark.crossref.org/dialog/?doi=10.1007/s12039-018-1448-x&domain=pdf
https://doi.org/10.1007/s12039-018-1448-x
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employing different combinations of surfactants and
polymers in the dispersion medium.9,14,15 In the case of
the surfactant–polymer stabilized NLCs, nonionic sur-
factants and polymers provide better performance due to
their biocompatibility and nontoxicity.9 Moreover, the
nonionic polymers provide a great deal of steric stability
and effectively reduce lipid modification during storage
that is directly related to the coagulation rate of NLC. It
has been established that nonionic polymers produce
a layer over the NLC surface and effectively reduce
the coagulation.9,16 The polymer layer is also effective
in reducing the easy escape of the surface accumu-
lated hydrophilic drug components. But a detailed study
regarding the effect of nonionic polymers on the stabil-
ity of NLC and the exact role of the polymer layer on the
drug incorporation/release mechanism is still lagging in
the literature. To uncover those facts, different concen-
trations of a nonionic biocompatible polymer PEG 2000
have been used in combination with the nonionic surfac-
tant Tween-60 in developing surface-modified NLCPEG

systems and subjected to the delivery of a hydrophilic
drug Pyrazinamide, PYZ.6–9

PYZ is a well-known first line drug in the treatment
of active tuberculosis. Generally, PYZ is used in combi-
nation with isoniazide and rifampicin in the treatment of
active tuberculosis.17–20 It is also used as a potent drug
for ueicosuric disuses. In addition to this, hypouricemia
and hyperuricosuria have been effectively diagnosed
using PYZ.18,19 But higher aqueous solubility, high rate
of excretion and high dose frequency have restricted the
pharmaceutical use of PYZ,18,19 thus warranting a suit-
able vehicle for delivery. A number of attempts have
been made to develop suitable solid lipid-based drug
delivery systems to overcome the limitations.17–20 Most
of the proposed formulations suffer from the limitations
like low entrapment efficiency, drug loading capacity
and faster release of incorporated PYZ. These have moti-
vated the present work to develop suitable NLC system
for PYZ and to improve the performance through sur-
face modification using nonionic polymer PEG 2000.
No such prior attempts have been made in developing
surface-modified NLCPEG for the delivery of PYZ to the
best of our knowledge.

In the present study, surface-modified NLCPEG for-
mulations were prepared; stability and efficiency as a
delivery agent of hydrophilic pharmaceutics PYZ were
compared with the conventional NLC without having
any surface modifications provided by nonionic poly-
mer PEG 2000. Conventional NLC and surface modified
NLCPEG formulations were prepared using the hot
homogenization followed by ultrasonication method.
The obtained formulations were subjected to physic-
ochemical characterization using DLS, DSC, TEM and

AFM. Water-soluble PYZ was used as a drug and
PYZ-loaded formulations were characterized using the
mentioned analytical techniques to gather information
regarding the location of the incorporated PYZ. Con-
ventional NLC and NLCPEG formulations were further
characterized by the evaluation of drug loading and
entrapment efficiency (DL% and EE%). The release of
the incorporated PYZ was also studied to evaluate the
potentiality of the studied formulations as a delivery sys-
tem for PYZ. The obtained release profiles were further
analyzed using different release models for the evalua-
tion of the exact release mechanism of the incorporated
PYZ. Such comprehensive set of work can be helpful
in providing a concept in the development of different
surface-modified NLC formulations for water-soluble
PYZ and other drugs of this family.

2. Material and methods

2.1 Materials

Hydrogenated soy phosphatidylcholine (HSPC), tristearin
(TS) and oleic acid (OA) were purchased from Sigma-Aldrich
Chemicals (USA). Tween-60 and polyethylene glycol-2000
(PEG 2000) were procured from SRL, India. Pyrazinamide
(PYZ) was obtained from Merck Specialties Pvt. Ltd, India.
Solvents of analytical grade have been used throughout the
study. Double distilled water having a molar conductivity of
2 mS cm−1 at 25 ◦C was used for all the experiments.

2.2 Preparation of NLC and NLCPEG

Conventional hot homogenization followed by ultrasonica-
tion was used for the preparation of the studied formulations.
Details regarding the preparative procedure can be obtained
in our recent publications.6–9 HSPC, TS and OA were used in
the molar ratio 2:2:1 and the concentration of the studied for-
mulations were maintained at 1 mM. In case of the NLCPEG
formulation, PEG 2000 was introduced by dissolving it in the
dispersion medium. 0.0001, 0.001, 0.01 and 0.1% (w/v, g/mL)
of PEG 2000 was used separately in the dispersion medium.
2 mM aqueous Tween-60 solution was used as a dispersion
medium for the studied formulations. During the preparation
of PYZ-loaded NLCs, PYZ was introduced in the lipid phys-
ical mixture. In this study, concentration of PYZ was fixed at
10 µM for the conventional NLC and NLCPEG formulations.

2.3 Instrumentation

Hydrodynamic diameter (dh), polydispersity index (PDI) and
zeta potential (Z.P.) of the NLCs were determined using
dynamic light scattering technique (Zetasizer Nano ZS90
ZEN3690, Malvern Instruments Ltd., U.K.). Morphology
of the prepared NLC and NLCPEG systems were studied
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using conventional TEM (Hitachi H-600, Japan) and AFM
(Bruker Nanoscope V Multimode SPM). Thermal behavior
of the studied formulations was analyzed using a differen-
tial scanning calorimeter (DSC, Mettler Toledo, Switzerland).
Obtained thermal data were further analyzed using DSC1
STARe software for the evaluation of different thermody-
namic parameters.

2.4 Entrapment efficiency (EE%) and drug loading
capacity (DL%)

Method of centrifugation was used for the evaluation of EE%
and DL% for NLC and NLCPEG formulations. The drug-
loaded NLC and NLCPEG formulations were subjected to
high-speed centrifugation at 15000 rpm and at 4 ◦C. Col-
lected supernatant of the centrifuged samples were analyzed
colorimetrically to determine the amount of free drug. In case
of the colorimetric analysis, absorbance values of PYZ at dif-
ferent known concentrations in aqueous Tween 60 solution
(2 mM) were recorded and a standard absorbance vs. PYZ
concentration graph was obtained. The standard graph was
employed to determine the concentration of PYZ present in
the obtained absorbance value of the collected supernatant of
the centrifuged samples. EE% and DL% of the studied for-
mulations were determined using the following equations:6–9

EE% = Wloaded PYZ

Wtotaal PYZ
× 100% (1)

DL% = Wloaded PYZ

Wlipid
× 100% (2)

Where, Wtotal PYZ,Wlipid and Wloaded PYZ represent the weight
of total PYZ added to the formulations, lipids used in NLC (or
NLCPEG) and entrapped PYZ in NLC, NLCPEG, respectively.

2.5 In vitro release study

Release kinetics of the incorporated PYZ from NLCs were
studied using conventional dialysis bag approach (12 kD).6–9

5 mL of the PYZ loaded NLC and NLCPEG formulations were
taken inside the dialysis bag and immersed into 20 mL of
release medium. 2 mM aqueous Tween-60 solution was used
as the release medium in the present study. The release exper-
iment was carried out by maintaining sink condition under
constant stirring. The released drug was quantified colori-
metrically.

3. Results and Discussion

3.1 Solution phase behavior of NLC and NLCPEG

Hydrodynamic diameter (dh) is a marker indicative of
the stability, loading capacity, entrapment efficiency and
the release rate of the incorporated drug.2–4,7,8 dh was
monitored with respect to time and presented graph-
ically in the panel A of Figure 1. The size of the

Figure 1. Effect of PEG 2000 concentration on the NLC
hydrodynamic diameter (dh)/ polydispersity index (PDI) vs.
time profile in the presence (panel A) and absence of PYZ
(panel B) at 25 ◦C. HSPC:TS:OA = 2:2:1. Concentration of
PEG 2000 are mentioned inside the figure.

conventional NLC varied in the range of 150–210 nm.
PEG 2000 coated formulations were in the range of 200–
230 nm, higher than the conventional NLC, due to the
presence of an additional layer of the added PEG 2000.
There occurred a progressive increase in the dh values
with increasing PEG 2000 concentration up to 0.01 (w/v,
g/mL) PEG 2000, beyond which further increase in PEG
2000 had no significant effect on the NLC size. This indi-
cates the saturation point of PEG 2000 concentration; at
this concentration, palisade layer of the NLC becomes
saturated.

A clear idea regarding the solution phase stabil-
ity during the storage can be obtained from the dh

vs. time profile (panel A of Figure 1) for the stud-
ied formulations. The dh of the conventional NLC and
NLCPEG formulations were monitored for 100 days and
no significant fluctuation in dh value was observed. The
observation indicated the formation of stable nanocol-
loidal suspension.1,2,21 In addition to this, a smooth
progressive increment in the dh value was noted with
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the storage time for all the studied formulations. The
coagulation of the nanocolloidal suspension was mainly
responsible for the observed phenomenon. The observed
growth rate of the NLCPEG formulations were found to
be lower than the conventional NLC system. A reduction
in growth rate indicated the reduced coagulation in the
presence of additional PEG 2000 layer along with the
non-ionic surfactant Tween 60. The additional layer of
PEG 2000 provided extra steric stability to the NLCPEG

and restricted the coagulation phenomenon among the
suspended lipid particles to a considerable extent.

dh vs. time profiles for PYZ loaded NLC and NLCPEG

formulations were also presented in the panel B of Fig-
ure 1. dh of PYZ loaded conventional NLC and NLCPEG

formulations were found in the range of 180–230 nm
and 185–233 nm, respectively. The observed enhance-
ment in the dh value in case of the conventional NLC
indicated the accumulation of PYZ on the surface and
suggested a shell-enriched NLC formulation. But the
observed size enhancement in the presence of PYZ in
case of NLCPEG is not significant. The observed result
indicated the accumulation of the incorporated PYZ in
between the PEG 2000 layer and the lipid palisade layer
of NLCPEG formulation.

PDI of the nanocolloidal drug delivery systems is
another crucial parameter because it regulates the homo-
geneity of nanocolloidal suspensions. The observed PDI
values (shown in the panel A of Figure 1) of the stud-
ied formulations were in the range 0.3–0.5 indicative
of substantially homogeneous formulations. Observed
fluctuation in the PDI vs. time profile suggests ongoing
crystalline modification in the NLC core. Crystalline
modifications make the lipid core of the NLCs more
perturbed, hence the homogeneity of the formulations
decreases during storage. In the presence of PEG 2000,
fluctuation in the PDI values were considerably less
which suggests stability enhancement compared to the
conventional NLC. In case of PYZ-loaded NLC formu-
lation (panel B of Figure 1), a small increase in the PDI
indicates reduction in the surface homogeneity due to
the accumulation of PYZ on the palisade layer of NLC.
On the other hand, insignificant variation in PDI for
the PYZ-loaded NLCPEG, compared to the correspond-
ing base system, indicates the accumulation of PYZ in
between the lipid palisade layer and the additional poly-
mer layer. Due to the penetration of the incorporated
PYZ into the PEG 2000 layer, no surface irregularity
was noted at the surface of PYZ-loaded NLCPEG formu-
lations.

Zeta potential (Z.P.) is directly related to the surface
charge and electrostatic stability of colloidal parti-
cles.2–4,7,8 Z.P. of the conventional NLC formulation was
in the range of −22 to −24 mV (panel A of Figure 2),

Figure 2. Effect of PEG 2000 concentration on
the zeta potential (Z.P.) of NLC vs. time profile in
the presence (panel A) and absence of PYZ (panel
B) at 25 ◦C. HSPC:TS:OA = 2:2:1. Concentration
of PEG 2000 is mentioned in the figure.

which was reduced to −15 to −20 mV in presence of
PEG 2000. Reduction in the negative magnitude of Z.P.
was due to the pressure of hydrophilic polymer layer
(PEG-2000) that effectively masked the surface change
of Z.P. of NLC. With increasing concentration of PEG
2000, magnitude of the zeta potential value decreased
till the concentration of PEG 2000 was at 0.01% (w/v,
g/mL), after which an increase in PEG 2000 concentra-
tion exhibited no significant influence. Increasing PEG
concentration increased the thickness of polymer layer
over the NLC surface and progressively reduced the sur-
face charge. In the case of PYZ-loaded NLCs (both in
the absence and presence of PEG 2000) no significant
influence on the Z.P. value was noted (panel B of Fig-
ure 2). Insignificant impact of time on the Z.P. of the
base and drug-loaded formulations also signify con-
siderable solution phase stability for the formulations
under experiment. The observed fluctuation in the dh
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Figure 3. TEM images of NLC (HSPC:TS:OA, 2:2:1) hav-
ing 0.01% (w/v, g/mL) of PEG 2000 in the absence (A) and
presence (B) of PYZ. Scale bars are shown inside the images.

with respect to time was due to the inside lipidic mod-
ification in the core of NLC and NLCPEG formulations.
On the other hand, Z.P. is related to the surface charge
of the studied formulations. No significant change in
the Z.P. value with respect to the storage time clearly
indicated that the lipidic modification has no significant
influence on the surface of the studied formulations.

3.2 Morphological studies

Shape and surface morphology of the NLCs in the
absence and presence of PEG were analyzed by com-
bined TEM and AFM studies. Spherical morphology
with a smooth surface was observed through the TEM
measurements as shown in the panels A and B of Fig-
ure 3.

A small reduction in size in the case of TEM stud-
ies indicates the loss of the hydration sphere associated
with the NLC and NLCPEG during the drying process
of sample preparation.6–8 The loss of hydration sphere
caused size constriction of the NLCs. Morphology of
the studied formulations was further analyzed through
the AFM measurements. Representative AFM image
of NLCPEG formulation is shown in Figure 4 along
with the three-dimensional overview and height anal-
ysis profile. The observed results were in agreement
with the DLS and TEM studies. The height of the NLCs
was in the range of 40–60 nm. Significant reduction in
height can be explained by the collapse of NLC dur-
ing the vacuum drying process.22,23 The presence of
additional polymer layer could not be clearly identified
through the TEM and AFM analyses. During the loss of
hydration sphere, the layer of PEG 2000 also got col-
lapsed. More sophisticated morphological analysis like
FF-TEM and/or cryo-TEM studies are considered to be
helpful in obtaining the impact of the polymer layer,
considered to be the future perspectives.

Figure 4. AFM image, (A) NLCPEG (HSPC:TS:OA, 2:2:1)
having 0.01% (w/v, g/mL) of PEG 2000. Panels (B) and (C)
represent three-dimensional surface morphology and corre-
sponding height analysis, respectively.

Figure 5. DSC cooling thermogram
of NLC (red) and NLCPEG (black)
(HSPC:TS:OA, 2:2:1) having 0.01%
(w/v, g/mL) of PEG 2000 in the absence
(panel A) and presence (panel B) of PYZ.
Scan rate: 2 ◦C min−1.

3.3 Differential scanning calorimetric studies

DSC is a very useful technique to collect the informa-
tion regarding internal morphology and crystallinity of
NLCs.6,9,16 Representative DSC thermogram of the con-
ventional NLC in the absence and presence of PEG 2000
are shown in Figure 5. In both the cases, only a sin-
gle prominent peak appeared that indicates negligible
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Table 1. Phase transition temperature (Tm), half-peak width (�T1/2), change in enthalpy (�H) and heat capacity
(�Cp) of the base and PYZ loaded NLC (HSPC:TS:OA, 2:2:1) having different concentrations of PEG 2000.

%PEG 2000 (w/v, g/mL) Tm(◦C) �T1/2(
◦C) �H (kcal.mol−1) �Cp(kcal.mol−1C−1)

Bare NLC 0 27 8.5 32 3.76
0.0001 32 8.3 32.9 3.96
0.001 37 9.2 33 3.58
0.01 40 9 32.5 3.61
0.1 40.1 9.2 33.4 3.63

PYZ-loaded NLC 0 35 9.5 33.1 3.48
0.0001 31.3 9.5 32.5 3.42
0.001 36.2 9 32.3 3.58
0.01 39.2 8 33.2 4.15
0.1 39.3 9.3 33.3 3.58

Concentration of the NLC:1 mM. All the DSC studies were performed on day 1 of the NLC preparation. Scan rate:
2 ◦C min−1

lipidic modification inside NLC by the PEG.6,9,16 Phase
transition temperature (Tm) varied in the range 28–35 (in
the absence of PEG 2000) and 32–40.1 ◦C (in the pres-
ence of PEG 2000), respectively. Tm value noted was
substantially reduced for both the types of NLCs in com-
parison to the bulk lipid mixture. The observed reduction
can be explained on the basis of structural reorganization
and subsequent generation of structural imperfections
during the formation of NLC and NLCPEG. In addi-
tion to this, a significant reduction in size is also an
important cause for the reduction in Tm value for NLC
and NLCPEG systems.6–8 The observed cooling thermo-
gram was more prominent than the heating thermogram.
Downshift in the Tm value in the cooling thermogram
in comparison to the heating thermogram indicates the
liquid crystalline-like behavior of the NLCs.24–27 Due
to its prominence, the cooling thermograms were fur-
ther analyzed to evaluate the different thermodynamic
parameters, as summarized in Table 1.

Tm value of the NLC was 28 ◦C which varied in the
range of 32–40.1 ◦C in the presence of PEG 2000. An
increase in the Tm value indicates the existence of an
additional layer of PEG 2000 over the NLC surface that
retarded the phase transition. With an increase in the
concentration of PEG 2000, an enhancement in Tm indi-
cates the formation of a thicker layer of PEG 2000 upto
the saturation point (0.01%). Insignificant difference in
the �H and �Cp for the NLCs without and with PEG
2000 indicates that the added PEG 2000 forms an outer
layer over the NLC surface and does not have any sig-
nificant interaction with the internal morphology of the
NLC. Also, no observable change in �T1/2 was recorded
upon the addition of PEG 2000 to the NLC.

Panel B of Figure 5 shows the DSC thermograms of
PYZ-loaded NLCs. Tm value of the PYZ loaded NLC
was higher than the bare NLC. Enhanced Tm value upon

PYZ inclusion clearly indicates the formation of a shell-
enriched NLC. The presence of the hydrophilic lipid
head groups at the surface provided a dipolar attraction
to the hydrophilic drug PYZ and increased its surface
availability. On the other hand, a slight reduction in Tm

for PYZ-loaded NLCPEG indicates the penetration of
incorporated PYZ in between the PEG 2000 layer and
NLC surface. The presence of PYZ creates an irregu-
larity in the molecular arrangement of PEG 2000 layer
which subsequently reduces the shielding to some extent
and a reduction in the Tm was observed. PYZ did not
impart any observable change in the �H,�CP and�T1/2

values for an obvious reason. Hydrophilic nature of the
PYZ restricted its petitioning into the lipid core of NLC.
Results further confirm the surface accumulation of PYZ
and formation of a shell-enriched NLC system.

3.4 Entrapment efficiency (EE) and drug loading
(DL) capacity studies

EE% and DL% of NLCs in the absence and presence
of varying concentration of PEG 2000 were determined
(Figure. 6). EE% and DL% were found to be 30% and
2.4%, respectively, in the absence of PEG 2000, which
are less than the previously reported NLCs loaded with
amphiphilic drug molecules. PYZ is a hydrophilic drug.
Due to its hydrophilic character, physical exclusion rate
of the surface adsorbed PYZ is very high. Only a weak
dipolar attraction between the amine group of PYZ and
the hydrophilic lipid head groups (mainly the carboxylic
acid groups of the OA molecule) present at the NLC
surface hold the PYZ molecules. Considerable improve-
ment in the EE% and DL% to 42–58% and 3.3–4.6%,
respectively, in the presence of PEG can be explained
on the basis of an additional layer of PEG 2000 over
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Figure 6. Variation in EE% (bar) and DL% (line) of
NLCPEG (HSPC:TS:OA, 2:2:1) formulations with PEG 2000
concentration.

the NLC surface. In the presence of PEG, the incor-
porated drug got accumulated on the surface as well
as in between the lipid palisade layer and the polymer
layer. In addition to this, the PEG 2000 layer prevents
easy physical exclusion of the incorporated drug. EE%
and DL% of the NLC formulations also depended on
the concentration of added PEG 2000; both the parame-
ters increased with increasing the concentration of PEG
2000 up to 0.01% w/v after which no further enhance-
ment was noted. With increasing concentration of PEG
2000, the shielding towards the physical exclusion of
the PYZ increases due to the progressive increment in
the thickness of the polymer layer. The thickness was
found to increase till the attainment of saturation point.

3.5 Kinetics of the drug release

The release of the incorporated PYZ from the conven-
tional NLC as well as NLCPEG formulations was studied
and compared. NLC with 0.01% PEG 2000 was con-
sidered for the release study for an obvious reason. The
obtained release profile and the simple diffusion of PYZ
from dialysis membrane have been graphically shown
in Figure 7.

The simple diffusion of PYZ was taken as control
for the release study to eliminate the effect of dialysis
membrane over the release of PYZ. The release of PYZ
from different NLCs in the absence and presence of PEG
2000 were found to be sustained. The release of PYZ
from the NLC was monitored up to 48 h whereby a max-
imum of 84% PYZ got released from the conventional
NLC which was further reduced to 61.3% in the case
of added PEG 2000. In all the cases, a biphasic release
pattern was noted:6,8,9 an initial burst release and then a

Figure 7. Release profiles of the free PYZ and PYZ from
NLC and NLCPEG (HSPC:TS:OA, 2:2:1) having 0.01% (w/v,
g/mL) of PEG 2000 at 25 ◦C.

sustained release of PYZ. In the case of the conventional
NLC, 58% of the incorporated PYZ gets released during
the initial burst within 8 h, whereas only 36.3% of the
incorporated PYZ got expelled as the initial burst release
in the case of added PEG 2000. Results suggest that
PEG provides better control and sustenance to the NLC
in terms of the release of incorporated PYZ. An addi-
tional polymer layer over the NLC surface increases the
micro-viscosity that effectively slows down the release
of surface adsorbed PYZ.

The obtained release profiles were further fitted into
different well-established release models to get a proper
understanding regarding the drug release mechanism.
DD solver 1.0, an add-in program, was used to obtain
the dissolution data for the studied release profiles.28,29

In the present study, first order, zero order, Higuchi,
Korsmeyer-Peppas and Weibull models were explored;
the data have been presented in Table S1 in Supplemen-
tary Information. Obtained regression values favor the
release of PYZ to follow Korsmeyer-Peppas model. The
release rate of PYZ from the NLC were 7.21 and 4.64 h−1

in the absence and presence of PEG 2000 respectively.
Release exponent (n) for NLC and NLCPEG were also
evaluated for Korsmeyer-Peppas release model and the
values were found to be ≤ 0.5. Results indicate that the
release of PYZ from NLC and NLCPEG was controlled
by classical Fick diffusion mechanism.

4. Conclusions

The focus of the present work is on the development
and the physicochemical characterization of surface-
modified NLC which were designed for the delivery of
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the hydrophilic drug, PYZ. PEG 2000, a nonionic poly-
mer, was used for the surface modification. HSPC, TS
and OA in the molar ratio 2:2:1 were used for the formu-
lation of NLC. 0.01% (w/v, g/mL) PEG 2000 was found
to be the optimum concentration for the studied NLCs
in imparting stability. A significant reduction in lipid
modification and growth rate indicated the improve-
ment in solution phase stability of NLC induced by
the PEG. An additional adsorbed layer of PEG 2000
enhanced the steric stability of NLC. PYZ was also
successfully incorporated in NLC. A detailed physic-
ochemical characterization of PYZ-loaded formulation
indicates the formation of shell-enriched NLC. EE%
and DL% of NLC formulations were improved. In addi-
tion, the release of PYZ from NLC was further sustained
by the surface-adsorbed PEG 2000. Thus, NLCPEG sys-
tems could be considered as superior to the conventional
NLC for the delivery of hydrophilic drug like PYZ.
However, for a complete understanding of the role of
nonionic polymer on the stability and performance of
NLC formulations, more sophisticated studies like XRD
(small and wide angle), FF-TEM, cryo-TEM, etc., are
warranted. The relevant in vitro and in vivo biological
studies are also required to evaluate the potential of their
application.

Supplementary Information (SI)

The supplementary information contains the kinetic data of
the drug release profiles in different well-established drug
release models along with their mathematical expressions. In
addition to this, a representative heating-cooling DSC thermo-
gram of NLCPEG system has been provided. Supplementary
Information is available at www.ias.ac.in/chemsci.
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Mathematical equations of different release models: 

Higuchi model:             Mt = kht
1/2                  (1) 

Korsmeyer–Peppas model:    Mt M∞ = kk⁄ tn                (2) 

Weibull model:                    Mt M∞⁄ = 1 − exp[
−(t−Ti)

β

a
]               (3) 

where, Mt is the amount of drug released in time (t), Mt / M∞ is the fraction of drug released, ‘n’ 

is the release exponent that characterizes the mechanism of drug release, kh and kk are release 

constants for Higuchi and Korsmeyer–Peppas equation respectively, ‘t’ accounts for the time lag 

of the dissolution process. ‘a’ denotes a scale parameter that describes the time dependence; ‘’

describes the shape of the dissolution curve progression. 



 

Table S1. Release kinetic data of PYZ from NLC (HSPC : TS : OA, 2 : 2 : 1 ) and NLCPEG (HSPC : TS : OA, 2 : 2 : 1) having 0.01 (W/V)% of 

PEG 2000. 

Different 

formulations 

First order Zero order Weibull Korsmeyer-Peppas Higuchi 

k1/ h-1 R2 k0/ mol 

lit-1.h-1 

R2 kw/ h-1 R2 β kk/ h-n R2 N kh/ h-0.5 R2 

NLC 0.03 0.969 2.19 0.873 2.24 0.997 0.465 7.21 0.997 0.40 8.30 0.965 

NLCPEG 0.02 0.987 1.05 0.898 1.15 0.996 0.423 4.64 0.996 0.39 4.90 0.976 

[NLC] and [NLCPEG]: 1 mM, and [PYZ]: 10 µM. 



 

 

Figure S1. DSC heating cooling thermogram of NLCPEG formulation (HSPC : TS : OA, 2 : 2 : 1) 

having 0.01 (W/V)% of PEG 2000. Heating rate: 2 ºC min-1 


